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GENERAL INTRODUCTION 


American Chemical Society Series of 


Scientific and Technologic Monographs 


By arrangement with the Interallied Conference of Pure and 
Applied Chemistry, which met in London and Brussels in July, 
1919, the American Chemical Society was to undertake the pro- 
duction and publication of Scientific and Technologic Mono- 
graphs on chemical subjects. At the same time it was agreed 
that the National Research Council, in codperation with the 
American Chemical Society and the American Physical Society, 
should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American 
Chemical Society and the National Research Council mutually 
agreed to care for these two fields of chemical development. 
The American Chemical Society named as Trustees, to make 
the necessary arrangements for the publication of the mono- 
graphs, Charles L. Parsons, Secretary of the American Chemical 
Society, Washington, D. C.; John E. Teeple, Treasurer of the 
American Chemical Society, New York City; and Professor 
Gellert Alleman of Swarthmore College. The Trustees have 
arranged for the publication of the American Chemical Society 
series of (a) Scientific and (b) Technologic Monographs by the 
Chemical Catalog Company of New York City. _ 

The Council, acting through the Committee on National Policy 
of the American Chemical Society, appointed the editors, named 
at the close of this introduction, to have charge of securing 
authors, and of considering critically the manuscripts prepared. 
The editors of each series will endeavor to select topics which 
are of current interest and authors who are recognized as author- 
ities in their respective fields. The list of monographs thus far 
secured appears in the publisher’s own announcement elsewhere 


in this volume. 
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4 GENERAL INTRODUCTION 


The development of knowledge in all branches of science, and 
especially in chemistry, has been so rapid during the last fifty 
years and the fields covered by this development have been so 
varied that it is difficult for any individual to keep in touch with 
the progress in branches of science outside his own specialty. 
In spite of the facilities for the examination of the literature 
given by Chemical Abstracts and such compendia as Beilstein’s 
Handbuch der Organischen Chemie, Richter’s Lexikon, Ostwald’s 
Lehrbuch der Allgemeinen Chemie, Abegg’s and Gmelin-Kraut’s 
Handbuch der Anorganischen Chemie and the English and 
French Dictionaries of Chemistry, it often takes a great deal 
of time to codrdinate the knowledge available upon a single topic. 
Consequently when men who have spent years in the study of 
important subjects are willing to codrdinate their knowledge 
and present it in concise, readable form, they perform a service 
of the highest value to their fellow chemists. 

It was with a clear recognition of the usefulness of reviews of 
this character that a Committee of the American Chemical 
Society recommended the publication of the two series of mono- 
graphs under the auspices of the Society. 

Two rather distinct purposes are to be served by these mono- 
graphs. The first purpose, whose fulfilment will probably render 
to chemists in general the most important service, is to present 
the knowledge available upon the chosen topic in a readable 
form, intelligible to those whose activities may be along a wholly 
different line. Many chemists fail to realize how closely their 
investigations may be connected with other work which on the 
surface appears far afield from their own. These monographs 
will enable such men to form closer contact with the work of 
chemists in other lines of research. The second purpose is to 
promote research in the branch of science covered by the mono- 
graph, by furnishing a well digested survey of the progress 
already made in that field and by pointing out directions in 
which investigation needs to be extended. To facilitate the 
attainment of this purpose, it is intended to include extended 
references to the literature, which will enable anyone interested 
to follow up the subject in more detail. If the literature is so 
voluminous that a complete bibliography is impracticable, a 


critical selection will be made of those papers which are most 
important. 
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The publication of these books marks a distinct departure in 
the policy of the American Chemical Society inasmuch as it is 
a serious attempt to found an American chemical literature with- 
out primary regard to commercial considerations. The success 
of the venture will depend in large part upon the measure of 
cooperation which can be secured in the preparation of books 
dealing adequately with topics of general interest; it is earnestly 
hoped, therefore, that every member of the various organizations 
in the chemical and allied industries will recognize the impor- 
tance of the enterprise and take sufficient interest to justify it. 
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To my colleagues and students of the University of 
California, without whose help this book would not 
have been written. In our many years of discussion 
of the problems of atomic and molecular structure, 
some of the ideas here presented have sprung from 
the group rather than from an individual; so that in 
a sense I am acting only as editor for this group. 


PREFACE 


I take it that a monograph of this sort belongs to the ephemeral 
literature of science. The studied care which is warranted in the 
treatment of the more slowly moving branches of science would be out 
of place here. Rather with the pen of a journalist we must attempt 
to record a momentary phase of current thought, which may at any 
instant change with kaleidoscopic abruptness. 

It is therefore not unlikely that some of the things said in this book 
may soon have to be unsaid, but I trust that these may be matters of 
detail rather than of essence. During the seven years that have elapsed 
since my previous publication concerning the structure of the molecule 
and the nature of the chemical bond, I have found little need of sub- 
tracting from the views there set forth, although there is now much to 
add. So in this present work I shall hope that there are no serious sins 
of commission. That there are sins of omission I am already only too 
well aware. To attempt to keep pace with the rapid developments in so 
many ramifications of science, all of which contribute to our knowl- 
edge of the atom and the molecule, is, especially for one who is at best 
a slothful reader, an impossible task. 

Nevertheless it is the same atom and the same molecule that is being 
studied by the organic chemist, the inorganic chemist and the physicist ; 
the marvellously exact conclusions of the spectroscopist, the far more 
vague but equally difficult and important generalizations of the student 
of the carbon compounds, must contribute, each in due measure, to 
our knowledge of that microcosmos which appears to us the more 
mysterious as its nature becomes more nearly revealed to us. It was 
with this thought in mind that I have devoted several of the earlier 
chapters to an attempt to bring to the better acquaintance of chemists 
some of the astounding accomplishments of modern physics. 


GILBERT N. Lewis 
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VALENCE AND THE STRUCTURE OF 
ATOMS AND MOLECULES. 


Chapter I. 
The Atomic Theory. 


The Discontinuity of Matter. 


There has been much debate among historians of chemistry as to 
the order of discovery of Dalton’s two great generalizations. Which 
came first, the atomic theory or the law of multiple proportions? The 
fact probably is that in Dalton’s mind the two ideas were essentially 
one, The concept of a granular structure of matter had been a favorite 
among philosophers for centuries, and at the beginning of the nineteenth 
century it was prevalent among scientists and laymen. “Pound St. 
Paul’s church into atoms, and consider any atom . . .” Boswell quoted 
Johnson as saying a decade earlier. 

Moreover, many of those who held this philosophical doctrine 
regarded the atoms of any one simple substance as equivalent to one 
another, like building bricks. The idea that a simple substance is com- 
posed of small particles, all similar one to another, must therefore be 
presumed to have been a part of the intellectual heritage of that period. 

What Dalton saw (1808) was the possibility of a crucial scientific 
test of this hypothesis. If elements and compounds are made up of 
discrete and characteristic particles, each particle of a compound sub- 
stance must contain an integral number of particles of its component 
elements. In fact Dalton found, in the two hydrocarbons which we 
call ethylene and methane, a given amount of hydrogen combined with 
twice as much carbon in the former as in the latter. In the two oxides 
of carbon he found the ratio of oxygen to carbon to be twice as great 
in one as in the other. When he also discovered a similar integral 
relationship among the oxides of nitrogen, he felt justified in announc- 
ing the general law of multiple proportions. The crudity of the experi- 
ments upon which he based this law, and the fact that his analysis of 
one of the oxides of nitrogen was entirely erroneous, indicate a strong 
predisposition toward the conclusion which he reached. 

The law of multiple proportions converted a philosophic speculation 
into a working theory of science. The theory of atoms and molecules 
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not onlv became the basis of stoichiometry, but later again proved its 
great fertility in the development of the mechanical theory of heat. 

At the end of the last century a short period of scepticism as to the 
reality of atoms and molecules was abruptly terminated through the 
rapid advance of scientific discovery. It became possible to count the 
atoms. The ultramicroscope in the hands of Perrin (1908) permitted 
the observation of particles moving about in exact accord with the 
predictions of molecular theory.- In the processes of radioactivity heavy 
atoms were found to be disintegrating into lighter atoms, and it was 
shown by Rutherford and Soddy (1903) that each atom of helium 
emitted by a radioactive substance produces a scintillation upon a screen 
of barium platino-cyanide, so that in a sense we see the individual 
atoms. - 

Thus the atoms have been counted, analyzed, decomposed. Even 
the secrets of the innermost nucleus are being brought to light. But 
such familiarity has terided to produce over-confidence. For a time it 
seemed that the structure and the behavior of the atom could be inter- 
preted without essential change in the modes of thought which had 
been found adequate in dealing with the massive bodies of everyday 
experience. However, this feeling of confidence has received a rude 
shock as we have encountered one by one the mysteries and paradoxes 
which have led to the quantum theory of the present day. 

Through the work of Dalton the conception of matter as a con- 
tinuum was definitely displaced by the conception of discrete quanta 
of matter, and we are now beginning to see that this was but the first 
stage in a great revolution against the theory of the continuum. Step 
by step we are being forced to “quantize” physico-chemical phenomena. 
How far this revolution will go, and how much of our former belief 
in the continuity of nature will remain, we cannot now predict; but 
it is already evident that many of our best established principles of 
science are under fire, and we may be sure that the theory of atoms is 
but one of many phases of the coming theory of discontinuity in nature. 


The Unity of Matter. 


There is another philosophic belief which at all times has been 
widely held. This is the idea that all of the various substances known 
to us are merely different manifestations of a single basic substance. 
Just as Dalton saw the scientific implications of the atomic theory, so 
Prout (1815) saw a possible scientific consequence of the theory of the 
unity of matter. 

He noted that the weights of the several atoms appeared to be 
multiples of the weight of hydrogen, and advanced the idea that all 
other atoms are composed of hydrogen atoms. This proposal, which 
was vigorously contested, received the adherence of some of the best 
minds of the period. The experimental evidence was conflicting. 
Atomic weights had been but roughly determined, and while accidental 
errors would not on the average bring atomic weights nearer to whole 
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numbers, an instinctive tendency toward the rounding off of uncertain 
figures seemed adequate to account for the rule discovered by Prout. 

Continual refinement of method led to an increasing accuracy in 
analytical results, and for over a century the determination of atomic 
weights has been one of the favorite occupations of chemists. It soon 
became apparent that the atomic weights in general were not exact 
multiples of that of hydrogen, and Prout’s theory gradually fell into 
disrepute. Nevertheless it was occasionally pointed out that the 
majority of atomic weights were much nearer to whole numbers than 
would be expected from the laws of chance. 

For example, Rydberg (1897) showed that the chance of the 
atomic weights of the first twenty-two elements falling as near to 
whole numbers as they do would be less than one in one billion. It 
therefore seemed reasonable to ascribe the close approximation of atomic 
weights to whole numbers, not to pure chance, but rather to some such 
fundamental principle as that of Prout, perhaps modified by some 
factors of a secondary-nature. Indeed we are now nearly convinced 
that Prout’s theory was correct, and that the deviations of atomic 
weights from integral numbers are due to two separate causes. 

The first of these causes was foreseen in a remarkable prophecy 
made by Marignac in 1860. He says: “Could one not, for example, 
while preserving the fundamental principle of this law (of Prout) 
make the following supposition, to which I do not attach importance 
except in so far as to show that one might explain the discordance 
which appears to exist between the results of observation and the 
immediate consequences of this principle? Might one not suppose that 
the cause, which is unknown but probably differs from the physical 
and chemical agencies that we recognize, and which has determined 
certain groupings of the atoms of the single primordial matter to give 
birth to our simple chemical atoms, and to impose upon each of these 
groups a special character and particular properties, has also been able 
to exercise an influence upon the way in which these groups of atoms 
obey the law of universal attraction, such that the weight of each of 
them is not exactly the sum of the weights of the primordial atoms 
which constitute them?’ Since the advent of relativity we know that 
the mass of a body varies with its energy, so that if two atoms combine 
with a certain evolution of energy there is a proportional loss in mass. 
This is one of the reasons for the deviations from the rule of Prout. 

The second cause which we now recognize as responsible for some 
of the large deviations from the rule of Prout is that many of the 
elements are mixtures of one or more isotopes which can be sepa- 
rated only with the greatest difficulty. Such elements have atomic 
weights that depend upon the relative amounts of the several isotopes 
which they contain. The separate isotopes, studied by the method of 
positive ray analysis developed by J. J. Thomson (1913) and by 
Aston (1920), for the most part show atomic weights which are very 
close to whole numbers. 

The problem of isotopes is one which concerns what is now called 
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the nucleus of the atom, and it would carry us too far from the main 
purpose of this work to discuss in any detail the many important 
observations which concern the structure and the disintegration of that 
nucleus. 


Theories of Chemical Affinity. 


In the earliest experiments on electricity it was found that different 
substances, brought into contact and then separated, remain charged, 
one with vitreous and the other with resinous electricity, or in Frank- 
lin’s nomenclature, with positive and negative electricity. Different 
substances appeared to exercise different degrees of attraction for the 
electric fluid or fluids. 

In the course of the brilliant experiments of Davy (1807) concern- 
ing the effect of the electric current upon various chemicals, he was 
led to the idea that the particles of substances become electrified when 
they meet dissimilar particles, and that the attraction between the oppo- 
site charges, so produced, is the cause of chemical union. This idea 
was developed by Berzelius (1819) into the electrochemical theory, 
which remained for many years the dominant theory of chemistry. 

All kinds of chemical union were explained in accordance with 
this theory. Thus it was considered, when an atom of zinc comes in 
contact with an atom of oxygen, that a flow of electricity occurs which 
leaves the former positive and the latter negative. Although sulfur 
also would be negative toward zinc it is positive toward oxygen and 
becomes the positive part of a molecule such as sulfur trioxide. Thus 
each of the molecules, zinc oxide and sulfur trioxide, was regarded 
as held together by the electric forces operating between the oppositely 
charged parts. But these two molecules when brought together would 
also not remain neutral. Zinc oxide as a whole being positive with 
respect to sulfur trioxide, these two molecules would in turn be held 
together by electric forces to produce a molecule of zinc sulfate. Soon 
the theory was extended to apply not only to simple compounds but 
even to the most complex bodies known to mineralogy. 

When the electrochemical or dualistic theory was first proposed it 
was not known that some of the firmest chemical compounds are eom- 
posed of two like atoms, as H, or N.. The existence of such types of 
union presented an apparently insuperable objection to the theory. 
Also the study of organic chemistry drew attention to a class of com- 
pounds which seemed to fit inadequately into the dualistic scheme of 
Berzelius. Especially it was pointed out that electronegative chlorine 
could be substituted for electropositive hydrogen, in numerous com- 
pounds, without appearing to produce any pronounced change in prop- 
erties. In consequence of these discoveries the dualistic theory was 
largely abandoned. 

_ Then continued the great development of structural organic chem- 
istry, from the work of Kekulé (1858) on the chemical bond and on the 
spatial arrangement of the atoms, to the work of LeBel (1875) and 
of van’t Hoff (1875) on stereoisomerism. No generalization of science, 
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even if we include those capable of exact mathematical statement, has 
ever achieved a greater success in assembling in simple form a multitude 
of heterogeneous observations than this group of ideas which we call 
structural theory. The graphical formula is far more than a mere 
theory of atomic arrangements; it has become a remarkable shorthand 
method of representing a great variety of chemical knowledge. 

In all this development of structural chemistry the electrochemical 
properties of the elements seemed to play but a subordinate role. But, 
after the great wave of enthusiasm for the synthesis and analysis of 
complex organic substances was spent, attention once more reverted to 
substances of the saline type. Faraday (1833) had shown that the 
law of definite and multiple proportions is valid not only for the 
chemical elements but also for electricity. Thus a gram of copper 
carries just twice as much electricity in the electrolysis of a cupric salt 
as in the electrolysis of a cuprous salt. It is singular that so many 
years elapsed after the announcement of Faraday’s law before it was 
realized that this law implies a discontinuity of electricity in the same 
degree that Dalton’s law implied a discontinuous structure of ordinary 
matter. By the same reasoning electricity occurs in quanta that are 
all alike, and capable of combining with atoms and groups of atoms only 
by integral numbers. It was Helmholtz in his celebrated Faraday 
lecture of 1881 who first pointed out this deduction of the atom of 
electricity, or as it is now called, the electron. 

Our knowledge of the atom of negative electricity, the electron, is 
largely due to the brilliant investigations of J. J. Thomson and of those 
whom he has inspired. The proof that free electricity is negative elec- 
tricity ; the determination of the ratio between the charge and the mass 
of an electron; and the study of the physical and chemical effects pro- 
duced by moving electrons, comprise one of the most fascinating chap- 
ters of modern science. 

The study of saline substances was greatly fostered by the electro- 
lytic dissociation theory of Arrhenius (1887) which clarified in so 
remarkable a manner our ideas concerning salt solutions. This theory 
through a generation of criticism has fully justified its essential 
accuracy. We are fully convinced that, in a dilute aqueous solution of 
sodium chloride, this salt is separated into two distinct parts, one of 
which has a negative charge, equal to the charge of an electron, while 
the other is positively charged in equal amount. Thus we have full 
demonstration of a phenomenon which was assumed in the dualistic 
theory. 

Again chemists were tempted to revert to the electrochemical theory 
as an explanation of all chemical union, and again they met the diff- 
culty of explaining by such means the properties of substances like 
methane and diatomic hydrogen. There obviously is a wide gap between 
extreme types: on the one hand an extremely “polar” substance like 
sodium chloride, in which presumably there is at all times a considerable 
displacement of electricity from the sodium to the chlorine, and which 
sometimes completely dissociates into sodium and chloride ions; on 
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the other hand a relatively non-polar substance like diatomic hydrogen 
which gives no a priori reason for, nor shows any evidence of, such 
electric displacement. Must we conclude that there are two distinct 
types of chemical union, one a completely polar and the other a com- 
pletely non-polar type, and must we assume that a substance which 
appears to have intermediate properties, and to be slightly polarized 
electrically, is merely a mixture of polar and non-polar molecules ? 
Or can we find some means of ascribing all the most varied types of 
chemical union to one and the same fundamental cause, differing only 
in the nature and degree of its manifestation? These are questions 
which will occupy our attention in later chapters. 


Chapter IT. 


The Periodic Law and the Chemist’s 
Picture of the Atom. 


Ieven before the advent of the atomic theory it was known that 
the elements form natural groups or families, and as soon as Dalton’s 
theory was established it became a matter of interest to see. what 
relations might exist between the properties of similar atoms and 
their atomic weights. About the same time that Prout announced the 
hypothesis which gaye-such an impetus to the accurate determination of 
atomic weights it was discovered by Dobereiner (1816) that in a 
number of “triads” of related elements the atomic weight of a certain 
element of the triad was approximately the mean of the atomic weights 
of the other two. We now know many of the elements, which he 
studied, to be mixtures of isotopes. and yet these coincidences pointed 
out by Dobereiner are still evident in our present table of atomic 
weights and have not as yet been explained. 

The periodic relations between the afomic weights and the proper- 
ties of the elements could hardly be discovered during the period in 
which many elements were assigned atomic weights which were multi- 
ples or sub-multiples of their true values, but after the introduction of 
the modern system of atomic weights by Cannizzaro (1858) many 
chemists began to discern such periodic relations. Probably the first 
to publish anything like our present periodic table was de Chancourtois 
(1863), who arranged the elements in a spiral in the order of their 
atomic weights, and made the significant remark, “The properties of 
substances are the properties of numbers.” Similar observations were 
made by Newlands (1863) and more fully by Lothar Meyer (1870), 
but it is to Mendeléeff (1869) that we owe the fullest recognition of 
the periodic law and its consequences. It is unnecessary to recite here 
the achievements of the periodic law of Mendeléeff, which for fifty 
years has been the guiding principle of systematic chemistry. The con- 
fidence in this principle was not shaken but rather strengthened by the 
discovery of a completely new family of the elements, the g¢dses of the 
argon type. 

However, we must call attention to a certain error in the original 
statement of the principle. The idea that the propertics of the ele- 
ments vary in a regular manner with the atomic weights 1s untenable, 
for in spite of many efforts no quantitative relations “have been found 
between the atomic weight of an element and its chemical properties. 
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If we glance at the table of the elements we see that there is ime ee 
of 3.4 units in atomic weight between sulfur and chlorine, while t! os is 
a difference of only 0.7 between selenium and bromine. It is there a 
not altogether surprising to find that iodine has an atomic weight actually 
below that of tellurium. If the elements were to be arranged strictly 
in the order of increasing atomic weights, iodine would be forced into 
the group of oxygen and sulfur, while tellurium would fall among the 


33As 
34Se 
35Br 
36Kr 
37Rb 


38Sr 


Frequency —~> 


Fic, 1.—X-Ray Emission Lines. 


halogens. So also the positions of argon and potassium and of cobalt 
and nickel would be reversed. 

It was Rydberg (1897, 1914) who first comprehended the under- 
lying truth in the periodic classification. The properties of an element 
are determined by a single “independent variable’ which is not, how- 
ever, the atomic weight. In the second of his remarkable papers in 
which Rydberg gave the ordinal number of each element, he was 
obliged to decide upon the exact placing of all the elements of the rare 
earths, upon the number of elements still remaining undiscovered, and 
upon the exact position of these vacancies in the periodic table. In 
all of these difficult tasks he was completely successful, and his table 
of ordinal numbers is identical with our present table of atomic num- 
bers, except that he assumed the existence of two elements between 
hydrogen and helium, If we reduce all of his numbers, except the 
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first, by two we obtain the accompanying table, which gives the atomic 


wumbers that are now adopted. 

che problem was also being attacked by the physicists. Rutherford 
(1911) had been led by experiments on the rebounding of alpha particles 
from other atoms to conclude that there lies in the center of each atom 
a small nucleus, with a positive charge which can be neutralized by 
the presence of an integral number of negative electrons. It was 
proposed by van den Broek (1913) that the integral number which 
represents the positive charge on the nucleus of an atom represents also 


Atomic number 


—> 


Fic. 2—Atomic Number and X-Ray Frequency. 


the ordinal number which determines the position of the element in the 
periodic table. 

This idea was brought into sharp relief by the extraordinary results 
of the experiments of Moseley (igi3, 1914) on the X-ray spectra of 
the several elements. Moseley found that when the various elements 
are bombarded by electrons in an X-ray tube each element emits a 
characteristic spectrum composed of a number of high frequency lines. 
These lines are arranged in groups which appear to be identical in form 
in neighboring elements, except that they are shifted step by step with 
the atomic number. Thus Figure 1 shows the wave lengths of a pair 
of lines of the highest frequency, the K, and 1 lines, of the elements 
arsenic, selenium, bromine, rubidium and strontium. The evident gap 
between bromine and rubidium shows a missing element, which in this 
case is not unknown, but is the element krypton which cannot be made 
the target in an X-ray tube. 

The way in which The position of any one line changes from 
element to element is shown in Figure 2, in which the atomic numbers 
of the elements are plotted against the square root of the frequency 
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of a given line, the K, line; the points falling, within the very small 
limits of experimental error, upon a continuous curve which is nearly 
a straight line. 

In obtaining his ordinal numbers, Rydberg concluded that there 
were 32 elements in the group beginning with cesium and ending with 
niton. It had previously been supposed that a larger number, probably 
30, would be found in this period. This new conclusion, which is 
entirely verified by the work of Moseley, led Rydberg to a simple 
arithmetical rule, which he called the rule of “quadratic groups.” Since 
he assumed the existence of two unknown elements between hydrogen 
and helium, he arranged the elements in the following periods: 
H—(?), 2; (?)—He, 2; Li— Ne, 8; Na—A, 8; K—Kr, 18; 
Rb — X, 18; Cs — Nt, 32; (?) —(?), 32. This gives two periods of 
2, two of 8, two of 18, and two of 32, and the numbers 2, 8, 18, 32 
Be eeMdtOe XT 2 x 2°, 2 x -37 and 2 >< 4%. 

Now Rydberg was unquestionably wrong in assuming the two 
atomic numbers between those of hydrogen and helium. This seems 
to be entirely demonstrated by the relations between the spectrum of 
hydrogen and the enhanced spectrum of helittm, which we shall dis- 
cuss in the next chapter. Moreover, although only a few members 
of the last period of the elements are known, the first part of this 
period does not seem to be analogous to the period of 32 just preced- 
ing, but rather shows great resemblance to the period before that, which 
is one of 18. Thus thorium is more like zirconium than like cerium, 
while uranium, the sixth member of the last period, belongs definitely 
in the same family as molybdenum (which is the sixth member of the 
last period of 18) and seems to bear no resemblance to neodymium 
(which is the sixth member of the period of 32). While therefore the 
facts do not substantiate Rydberg’s theory in full, nevertheless we shall 
see later that his series of quadratic numbers plays an important role 
in our present theory of atomic structure. 

We may summarize the essential features of the periodic classifica- 
tion as follows: (a) The properties of the elements are periodic func- 
tions of the atomic numbers. (b) When the elements are arranged 
by atomic number they fall into one period of 2 elements, two periods 
of 8, two of 18, one of 32, and a fragmentary period which as far as 
it is known seems to resemble a period of 18. (c) Elements which 
occupy corresponding positions in the several periods have similar 
properties. 

Countless attempts have been made to express the periodic relation- 
ships of the elements in the form of a table, a diagram, or a space 
model. Of these none can be regarded as thoroughly satisfactory. 
Some fail to show all the interesting relationships which exist, others 
suggest non-existing or merely formal relationships. On the whole it 
seems best to employ a simple table which tells less than the whole 
truth rather than more. Such a table, for which I am largely indebted 
to Professor Bray, is given below. It brings out the essential relations 
between the elements, although not all the interesting ones. 
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Thus the relation of magnesium to zinc is not clearly indicated, and 
hydrogen might equally well be placed above lithium as above the 
halogens, although this is a matter to which we shall recur. 


Some Atomic Models. 


In the year 1902 (while I was attempting to explain to an ele- 
mentary class in chemistry some of the ideas involved in the periodic 
law) becoming interested in the new theory of the electron, and com- 
bining this idea with those which are implied in the periodic classifica- 
tion, I formed an idea of the inner structure of the atom which, 


os & 


Fic. 3.—Lewis: Memorandum of 1902. 


although it contained certain crudities, I have ever since regarded as 
representing essentially the arrangement of electrons in the atom. In 
Figure 3 is reproduced a portion of my memorandum of March 28, 
1902, which illustrates the theory. . 
The main features of this theory of atomic structure are as follows: 
(1) The electrons in an atom are arranged in concentric cubes. 
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(257027s neutral atom of each element contains one more electron 
than a neutral atom of the element next preceding. 

(3) The cube of 8 electrons 1s reached in the atoms of ea 
gases, and this cube becomes in some sense the kernel about which the 
larger cube of electrons of the next period is built. ; 

(4) The electrons of an outer incomplete cube may be given to 
another atom, as in Mg**, or enough electrons may be taken from other 
atoms to complete the cube, as in Cl, thus accounting for “positive and 
negative valence.” ' 

In accordance with the idea of Mendeléeff, that hydrogen 1s the 
first member of a full period, I erroneously assumed helium to have a 
shell of eight electrons. Regarding the disposition of the positive 
charge which balanced the electrons in the neutral atom, my ideas were 
very vague; I believe I inclined at that time toward the idea that the 
positive charge was also made up of discrete particles, the localization 
of which determined the localization of the electrons. 

These hypotheses regarding the arrangement of electrons in the 
atom, while they were discussed freely with my colleagues and in my 
classes, were given no further publicity. Indeed while this theory of 
structure seemed to offer a remarkably simple and satisfactory explana- 
tion of the process which occurs when sodium combines with chlorine 
to form sodium chloride, it did not seem to explain chemical combina- 
tions of a less polar type, such as occur in the hydrocarbons. 

Yet I could not bring myself to believe in two distinct kinds of 
chemical union. It seemed rather that the union of sodium and chlorine 
and the union of hydrogen and carbon must represent extreme types of 
a method of combination which ultimately would be found to be com- 
mon to all kinds of compounds. However, it was many years before 
I found it possible to reconcile this idea entirely with the idea of the 
cubical atom. 

The first publication which recognized the stability of the group 
of eight electrons was by Abegg (1904), whose paper on “Valence 
and the Periodic System; Attempt at a Theory of Molecular Com- 
pounds” ends with the significant remark, “The sum 8 of our normal 
and contra-valences possesses therefore simple significance as the num- 
ber which for all atoms represents the points of attack of electrons ; 
and the group-number or positive valence indicates how many of the 
8 points of attack must hold electrons in order to make the element 
electrically neutral.” 

The next important contribution to the interpretation of the periodic 
law was made by J. J. Thomson (1904) who considered the mathe- 
matical consequences of the assumption that the atoms of the elements 
consist of a number of electrons “enclosed in a sphere of uniform 
positive electrification.” He was thus led to conclude that a ring of 
electrons, equally spaced and revolving about a positive center, would 
be stable until the number of electrons in the ring exceeded a certain 
number, and would then break into two concentric rings. Thus, if the 
number of electrons in the outer ring is increased, a limit is reached 
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where another ring is formed, and so on. As an illustration of the 
various types of stability, he showed that if a number of small magnets 
are floated by corks upon a surface of water, so that all of the north 
poles point upward, and if the south pole of a larger magnet is brought 
near the surface, the small magnets will orient themselves about the 
larger one in concentric rings. Thomson recognized that under certain 
circumstances electrons would arrange themselves not in rings in a 
certain plane but in polyhedral figures about the center, but the difficulty 
of mathematical calculation in such cases led him to restrict his atten-: 
tion to the arrangements in a single plane, and this decision may have | 
been partly responsible for some later theories which assume a co-planar \ 
arrangement of electrons in atoms. 

Thomson saw immediately the analogy between his arrangement of 
electrons and the periodic system of Mendeléeff. ‘“Thus if we consider 
the series of arrangements of corpuscles (electrons) having on the 
outside a ring containing a constant number of corpuscles, we have, at 
the beginning and end, systems which behave like the atoms of -an 
element whose atoms are incapable of retaining a charge of either 
positive or negative electricity ; then (proceeding in the order of increas- 
ing. number of corpuscles) we have first a system which behaves like 
the atom of a monovalent electropositive element, next one which 
behaves like the atom of a divalent electropositive element, while at 
the other end of the series we have a system which behaves like an atom 
with no valency, immediately preceding this, one which behaves like the 
atom of a monovalent electronegative element, while this again is 
preceded by one behaving like the atom of a divalent electronegative 
element. 

“This sequence of properties is very like that observed in the case 
of the atoms of the elements. Thus we have the series of elements: 
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“The first and last element in each of these series has no valency, 
the second is a monovalent electropositive element, the last but one 
is a monovalent electronegative element, the third is a divalent electro- 
positive element, the last but two a divalent electronegative element, 
and so on. 

“When atoms like the electronegative ones, in which the corpuscles 
are very stable, are mixed with atoms like the electropositive ones, in 
which the corpuscles are not nearly so firmly held, the forces to which 
the corpuscles are subject by the action of the atoms upon each other 
may result in the detachment of corpuscles from the electropositive 
atoms and their transference to the electronegative. The electro- 
negative atoms will thus get a charge of negative electricity, the elec- 
tropositive atoms one of positive, the oppositely charged atoms will 
attract each other, and a themical compound of the electropositive and 
electronegative atoms will be formed.” 

It is evident that Thomson’s picture of the union of two atoms 
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is entirely similar to the one offered by Abegg, although unlike the 
latter Thomson considered his results as partly deducible from certain 
laws of force, corresponding to his assumption of a sphere of positive 
electrification in which the electrons were supposed to be imbedded. 
Such an idea regarding the positive part of the atom soon proved to 
be untenable. Rutherford’s study of the scattering of alpha rays by 
various substances seems explicable only on the assumption that the 
positive part of an atom is concentrated in a very small region at the 
atomic center, and he therefore proposed what may be called the 
planetary theory of atomic structure, according to which the electrons 
were assumed to be revolving in orbits about the small positive nucleus, 
and subject to the same laws of force (the inverse square law) that 
governs the motion of the planets about the sun. This theory of the 
planetary atom will be further discussed in the next chapter. 

In 1915 Parson published a very interesting paper entitled “A 
Magneton Theory of the Structure of the Atom.” Here the electron 
was regarded as a rotating ring of negative electricity which therefore 
possesses a magnetic moment! and could be called a magneton. As 
in Thomson’s theory, the electrons or magnetons were assumed to lie 
inside a large sphere of uniform positive electrification, and Parson 
believed that the magnetic forces between the magnetons would cause 
them to arrange themselves in cubes (not concentric, but lying along- 
side one another in the large positive sphere). 

There is one feature of Parson’s theory which is now generally 
regarded as erroneous, and for which I am afraid that I am in part 
responsible. When Mr. Parson first showed me his magneton theory 
he considered his rings of electricity capable of various degrees of 
velocity, sometimes even exceeding the velocity of light. It was at 
my suggestion that he attributed a fixed magnetic moment to his 
magneton so as to make it in a sense the elementary unit of magnetism 
as the electron is also the unit of electric charge. This idea has not 
proved fruitful, and it seems unlikely, although perhaps not impossible, 
that an electron possesses any magnetic properties except when it 
is a part of an atom or a molecule. It is, however, to be observed 
that in the Bohr theory, which we shall discuss in the next chapter, and 
which offers a more satisfactory picture of the motion of electrons 
within the atom than Parson’s theory, there appears again a definite 
unit of magnetic moment. 

Parson’s paper was largely devoted to a discussion of the stability 
of the groups of eight electrons and the tendency to form such groups 
in various types of chemical union, and he showed that those com- 
pounds in which these complete groups of eight cannot be assumed 
are the ones whose magnetic properties show that the molecule possesses 
a large magnetic moment. 


In March and in April 1916 there appeared two papers, one by 
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Kossel, “Uber Molekiilbildung als Frage des Atombaus,”’ and one by 
myself on “The Atom and the Molecule.” These two papers offered 
closely parallel pictures of the structure of the atoms and of those 
molecules of the more polar sort, where each atom may be regarded 


as existing in the state of an ion. In both papers the electrons of 


an atom were regarded as surrounding the small positive nucleus in 
concentric groups, the first being a group of two, the second a group 
of eight, the third a group of eight, and then other groups of some- 
what indeterminate character, but always ending in an outer group 
of eight electrons in the atoms of the rare gases, as also in simple 
elementary ions. 

Kossel assumed these successive groups to occur in concentric rings 
about the nucleus, while I (in accordance with my early views ex- 


Lewis, 1916 Kossel, 1916 
Fic. 4—Two Models of the Argon Atom. 


pressed in Figure 1) assumed these groups to constitute concentric 
shells forming a three-dimensional structure about the central atom. 
Figure 4 shows the two pictures of the argon atom side by side. 

In both theories the electron groups were supposed to reach the 
highest degree of symmetry and stability in the atoms of the several 
rare gases; helium with its group of two, neon with its groups of two 
and eight, argon with its groups of two, eight and eight, and so on. 
Other atoms were conceived as having a strong tendency either to give 
up electrons or to take up electrons in such manner as to ape the 
structure of the nearest rare gas. 

In this connection I emphasized the peculiarity of hydrogen which, 
by giving off an electron, can become the simplest of positive ions, 
consisting solely of an atomic nucleus, while by taking on one electron 
it can complete the group of two, characteristic of the helium atom. 
This process seemed so nearly like the taking on of one electron by 
fluorine or by chlorine to form F- or Cl, with structures corresponding 
to neon and argon, that I felt justified in regarding hydrogen as 
belonging, in this respect at least, to the halogens; and therefore pre- 
dicted that the metallic hydrides would prove to have the character 
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of salts, consisting of metal ion and hydride ion, and further that 
electrolysis of a hydride should produce hydrogen at the anode. This 
prediction has been entirely verified in the work of Bardwell (1922) 
who succeeded in electrolysing a melt containing calcium hydride, and 
obtaining hydrogen at the anode in amount corresponding to Faraday’s 
law. - 
Aside from this one case, atoms show a very marked tendency to 
form an outer group of eight electrons, and this tendency furnishes a 
very simple interpretation of a large class of the more polar chemical 
compounds, as shown in the several papers of Parson, Kossel and 
myself. My paper went further and attempted to furnish an equally 
simple explanation of compounds of the less polar type, but this will 
be the subject of a later chapter. 


Chapter III. 


Spectral Series and the Physicist’s View of the Atom. 


As soon as the kind of light emitted or absorbed by a substance was 
recognized to be peculiar to that substance, the study of characteristic 
spectra became one of the important methods of chemical analysis. It 
was Kirchhoff and Bunsen (1860, 1861) who showed the great power 
of the new method, not only in the detection of existing elements, 
but also in the discovery of new elements. The heavy alkali metals, 
rubidium and cesium, were thus discovered by them. 

Indeed when metallic salts are placed in a flame the bright spectral 
lines which are obtained seem ordinarily to be characteristic of the 
metal rather than of the particular compound which is used. It has 
long been recognized that the various emission spectra, whether from 
arc, or spark, or Geissler tube, or flame, fall into two classes, which 
are technically known as line spectra and band spectra, and there has 
been no occasion to abandon the view, first suggested by Helmholtz, 
that while the band spectra are characteristic of molecules, the line 
spectra are due to atoms which have been set free under the condi- 
tions which give rise to the emission of light. 

Now it is evident that the characteristic spectral lines of the ele- 
ments, which are so readily studied, and whose wave lengths can be 
determined with an accuracy which is hardly attained in any other type 
of physico-chemical measurement, should furnish information of great 
value concerning the inner structure and behavior of the atom. But 
before this information can be utilized we must have some theory of 
the way in which light is emitted or absorbed by a substance. 

The undulatory theory of light strengthened the analogy between 
light and sound. Monochromatic light is characterized by its fre- 
quency, or wave length, just as a musical tone is characterized by 
its frequency, or wave length in air. The emission of a musical tone 
is due to something which is vibrating, like a tuning fork. So, ac- 
cording to what we may call the classical theory of light emission, light 
is due to the vibration of something within the molecule or atom, and 
after the adoption of Maxwell’s electromagnetic theory, it was assumed 
that the something vibrating carried an electric charge. 

" According to this classical theory the elementary vibrators or res- 
onators obey the familiar laws of elastic bodies and thus possess a 
natural frequency or period, independent of the amplitude of vibra- 
tion if such amplitude is small. These vibrators, set in motion by 
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thermal action or by electric discharge, are then the source of light; 


- and the emission of a bright spectral line is due to the preponderance 


of vibrators possessing some one natural frequency. . 

Conversely when light falls upon a substance containing such 

vibrators the latter are supposed to acquire energy of vibration at the 
expense of the light, and especially of that part of the light which has 
a frequency corresponding to the natural frequency of the vibrators. 
The energy of vibration thus acquired is then converted into thermal 
energy. This is the classical theory of light absorption. 
Now this theory of the emission and absorption of light through 
the vibration of charged parts of the molecule or atom has furnished 
a very satisfactory explanation of a large number of phenomena. It 
is therefore with some regret that we now find ourselves obliged to . 
give up in large part, if not wholly, this simple picture of the inter- 
action between matter and light. 

Some evidence of the inadequacy of the classical theory is furnished 
by the occurrence of spectral lines in groups or series. Now by analogy 
to a musical instrument that sends out a series of tones and over- 
tones it was to be expected that the elementary vibrators, especially 
if they, exert a mutual influence one upon another, might emit not_ 
one but a series-of bright lines, and the discovery that a single element 
does emit a whole series of spectral lines seemed at first to support 
such an analogy. But the quantitative relation between the frequencies 
of the several lines of an elementary spectrum proved to be very differ- 
ent from anything that was to be expected from the analogy to musical 
tones. 

Various attempts to express in a simple numerical formula the 
several lines in a single spectral series were unsuccessful until Balmer 
(1885) obtained for the important hydrogen series a formula which 
thenceforth became the prototype of all formule for series of line 
spectra. This formula of Balmer, although containing but a single 
arbitrary constant, reproduced with marvellous accuracy the positions 
of the lines of the hydrogen series as they had been observed, not 
only in the laboratory, but also in the spectrum of sun and stare! 
Balmer expressed the series of lines by the, formula 


Gy eine 
a (1) 
where A is the wave length and is any one of the whole series ay 
integers from 3 to 8. Each integral value thus corresponds to a single 
line of an infinite series in which the lines become closer as n increases, 
and converge at a limiting value known as the head of the series, where 


The frequency of a given line (in reciprocal seconds) i 
c/h, and therefore the equation may be ae ) is equal io 
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or in alternative form, 


v=# (2 2), (3) 


Modern refinements of the methods of spectroscopy have greatly in- 
creased the accuracy of the determination of spectral lines. Twenty 
lines of the Balmer series have been obtained in the laboratory and 
thirty from stellar observation, and the frequencies of these lines do 
not on the average differ from those calculated from the formula by 
more than one part in a million. 

One of the most significant discoveries relating to spectral series 

was made by Pickering (1897) in observing the spectrum of the star 
C-Pupis. Here a series was found, every alternate line of which ap- 
peared to coincide with a line of the Balmer series. The whole series 
was accurately represented by the formula 
n? 
This formula gives lines identical with those of the Balmer formula 
when n= 6, 8, etc., and gives the additional lines of the Pickering 
series when n= 5, 7, etc. These new lines were originally ascribed 
to hydrogen in some peculiar form, but we shall see that Bohr has 
shown this series to be due to helium, and the similarity between the 
Balmer and Pickering series thus furnishes a remarkable illustration 
of the intimate inter-relationship between the line spectra of different 
elements. 


The Work of Rydberg. 


Until ten years ago the great accumulation of exact spectroscopic 
data regarding line series had led to the discovery of only two funda- 
mental generalizations, both of which were made by Rydberg (1890), 
whose wonderful perspicacity we have already recognized in his dis- 
covery of the significance of the atomic numbers. 

His first discovery was that a certain number appeared in the 
arithmetical expression for the line spectra of a number of elements. 
This number, No, which he announced as ‘‘a constant common to all 
series and to all elements,” is now recognized as a universal constant 
of great significance. This constant of Rydberg (except for a very 
small correction) is the coefficient which appears in the second member 
of Equation 3. 

Another equally important generalization of Rydberg has become 
known as the combination principle. When an element exhibits two 
or more different line series, the lines of one series and those of 
another are simply related to one another. According to the combina- 
tion principle, as it is now usually stated, the frequency of each of 
the many spectral lines obtained from the same atomic species may 
be obtained by taking the several differences between a relatively small 
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number of basic frequencies. In order to illustrate this point we may 
consider the complete spectrum of monatomic hydrogen. 

In addition to the Balmer series there are a number of other im- 
portant spectral lines which are ascribed to free hydrogen atoms. One 
important series has been obtained by Lyman (1904, 1906) in the 
ultra-violet, another by Paschen (1909) in the ultra-red, and very 
recently a few lines of a fourth series have been obtained by Brackett 
(1922) in the extreme ultra-red. The formule which reproduce the 
several series are as follows: 


(Lyman) v =N.(+—), 


~~} 


(Balmer) Yo No(3=——) 
(Paschen) v— No(s — =), 
I I 
(Brackett) v= Mal Care =). 
The first three of these series are represented in Figure 5, where only 


a few of the lines of each series are shown (together with the head 
of the series, represented by a dotted line). 


Paschen Balmer Lyman 
Fic. 5.—Three Hydrogen Series. 


Now it is evident that a line of any one of these series may be 
expressed by the formula 
I I 
v=M(——5), (5) 
therefore the frequency of every line can be regarded as the difference 
between some one pair of the basic frequencies 
meg No N 
fea Vale pes Ma cae sees (6) 
Thus the second line of the Balmer series is v.* —v,*, the third line 
of the Lyman series 1s v,*—v,*, and the first line of the Paschen 
series 1S v3* — v,*. 

It is customary to express the combination princi i 
igre principle graphicall 
as in Figure 6, where again frequencies are plotted from left e Fight. 
The vertical lines represent the values of v*, the basic frequencies 
and the length ‘of the horizontal lines terminating at these vertical 


lines represent the frequencies of thre i 
: : e spectral line 
just mentioned. P s that we have 
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When we turn to other elements than hydrogen we find a condi- 
tion of far greater complexity. As a rule it is no longer possible to 
express either the frequencies of the series lines, or the basic frequen- 
cies, by any such simple formule as sufficed in the case of hydrogen. 
The equations which have been most useful in expressing these series 
require several arbitrary constants, and appear to be of only approxi- 
mate validity. Nevertheless we find also in these more complex cases 
that the observed frequencies are once more obtainable as exact 
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Fic. 6.—Basic Frequencies of Hydrogen. 


differences between certain basic frequencies, in complete accordance 
with the combination principle. j 

These ideas, which originated with Rydberg, have become the 
foundation of the theory of spectral series which has been so rapidly 
developed during the past decade. Before discussing these recent 
advances, it will be necessary to give brief consideration to that revolu- 
tion in scientific thought which is known as the quantum theory. 


The Quantum Theory. 


It was one of the foremost deductions of the kinetic theory of gases 
that the molecules of all gases should possess the same average kinetic 
energy of translation at a given temperature. This idea was carried 
over by analogy to liquids and solids, and it was assumed that every 
particle would have the same average kinetic energy at a given tempera- 
ture. This is known as the Law of the Equipartition of Energy. 

This principle led Boltzmann to the explanation of the law of 
Dulong and Petit. If the atoms of a solid possess the same kinetic 
energy as the atoms of a monatomic gas, and if they vibrate about 
fixed positions in accordance with Hooke’s law, so that (as in the 
case of any simple vibration) the average potential energy equals the 
average kinetic energy, then the total thermal energy of the atoms 
in a solid would be twice as great as that of an equal number of 
atoms of a monatomic gas; and the energy would increase twice as 
rapidly with the temperature for the former as for the latter. But 
Dulong and Petit’s law is only true as a limiting law at high tempera- 
tures. Many substances at ordinary temperatures and all substances 
at low temperatures show a very much smaller change of energy 
with the temperature than that law requires. If we plot the energy 
against the absolute temperature, as in Figure 7, the dotted line ex- 
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presses Dulong and Petit’s law, while the behavior of an actual sub- 
stance is indicated by the continuous curve, which has the same slope 
as the dotted line only at high temperatures. 

The theory of equipartition appears to give a very satisfactory 
explanation of the thermal energy of a monatomic gas. But the atom 
of such a gas is by no means the ultimate particle. By the equiparti- 
tion law each of the several particles which compose such an atom 
should acquire its quota of energy. On the contrary we are con- 
vinced that a monatomic gas acquires no appreciable thermal energy 
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Fic. 7—Heat Content of Copper. 


except that which is due to the translational motion of its molecule 
as a whole. 

In spite of the obvious falsity of the equipartition law, it neverthe- 
less seems to be a direct consequence of accepted mechanical principles 
Perhaps its deduction from these principles by the methods of statistical 
mechanics has never been made in a manner entirely free from ob- 
jection, but it is generally believed that such a deduction is possible 
Thus we are led to the inference that the mechanics of atoms differ 
in ue Seales eae mechanics of massive bodies 

e equipartition law fails not only in its application 
energy of ordinary bodies, but also ee it eeapche Hote 
tion of energy in the spectrum of radiation emitted by a black bod 
In such radiation we presumably have light of all frequencies iGed 
zero to infinity, and we may speak of the amount of radiant ener 
which is comprised between two chosen frequencies v, and v st 
was shown by Rayleigh (1900) to be a consequence of the equipartition 
law that the energy comprised between two such fixed limits of f 
aot aay be Sareea a the absolute temperature, as chon 

otted line in Figure 8. The contir 
represents the actual facts as brought ie bya Wieslet 806) coo 
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fully by Planck (1901). This curve approaches a straight line, as 
demanded by the equipartition law, only at high temperatures. 
Planck, seeing that his equation for the distribution of radiant en- 
ergy was incompatible with the deductions from accepted mechanics 
and electromagnetics, announced a hypothesis of unusual boldness 
which, together with the mass of new laws and hypotheses which have 
grown out of it, is known as the quantum theory. Planck assumed 
in the first instance that bodies contain electrical oscillators which 
can absorb or emit radiation, not in a continuous manner, but by finite 
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Fic. 8.—Density of Radiant Energy (Between Two Given Frequencies). 


amounts; and that each of these finite amounts of energy is propor- 
tional to the natural frequency of the oscillator. He further assumed 
the proportionality factor to be the same for all oscillators and there- 
fore a universal constant, which is denoted by h and known as the 
Planck constant. According to this theory, an oscillator whose natural 
frequency is v can possess energy only in the amount Av or some 
multiple of hv. 

Einstein (1907) suggested that we go further, and regard the 
energy, hv, emitted by an oscillator, as a quantum or corpuscle of 
radiant energy which, preserving a certain degree of individuality, 
could only be reabsorbed as a whole. This idea has not been widely 
accepted because of the difficulty of its reconciliation with the phe- 
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nomenon of the interference of light. However, it led Einstein to 
one of the most important deductions from quantum theory, namely, 
his photoelectric equation. According to this equation, when a sub- 
stance is subjected to monochromatic light of frequency v, the maxi- 
mum energy which can be acquired by one of its electrons 1s hy. 

It was also Einstein who saw the connection between the two types 
of deviation from the equipartition law, of which we have spoken. If 
a solid body is supposed to be composed of atoms which are analogous 
to the hypothetical oscillators of Planck, and therefore capable of 
acquiring energy only in finite increments, the energy would not be 
the linear function of the temperature required by the law of Dulong 
and Petit. At low temperatures many atoms would be unable to acquire 
the energy hv, and therefore would possess no energy at all. Thus, 
from the Planck radiation formula, Einstein obtained his equation for 
the specific heats of’ solids, which qualitatively, although not quantita- 
tively, is in accord with the numerous measurements of specific heats 
that have since been made at low temperatures. 

Once in the early days of quantum theory Professor Einstein re- 
marked to me that the quantum theory was not really a new theory, 
but merely a recognition of the falsity of previous theories. This 
remark remains true. Some scientists have been inclined to give up 
such fundamental ideas as the laws of conservation of momentum 
and of energy, and to replace them by analogous theorems which are 
only valid in a statistical sense. Others have gone so far as to con- 
. clude that the continuum of space and of time must be replaced by a 
discontinuum. 

For the moment we need only conclude that in giving up the con- 
tinuous theory of matter, and replacing it by the theory of discrete 
centers which we call atoms (or electrons and nuclei), we have some- 
how failed in consistency. A race with more limited sense perceptions 
than our own might study the properties of sand and conclude these | 
properties to be due to the existence of grains, but would they then 
be justified in regarding the grains as composed of sand? Yet this 
is the kind of inference that modern science has sanctioned. The prop- 
erties of electricity have been explained by assuming it to be com- 
posed of electrons, after which we naively consider the electrons as 
made up of electricity, and speculate concerning the distribution of 
electricity about the electron center. We also have regarded the atoms 
as possessing properties similar to those of the larger bodies which 
they compose. The various phenomena which are grouped under th 
title of quantum theory are the new data in the Renee rs : 
must construct the new geometry and the new mechanics which a 
valid in the immediate vicinity of electrons and nuclei. Quantum 
theory has been criticized for furnishing no adequate mechanism, but 
presumably the root of our present problem lies deeper than his 
and it is hardly likely that any mechanism based on our 3 isti es 
of thought will suffice for the explanation of the many n ae We modes 
which the study of the atom is disclosing. y new phenomena 
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A Partial Statement of Bohr’s Theory. 


_Out of the chaos of spectroscopy with its scarcity of guidi 
principles and its abundance of ee uncorrelated ae pe ea 
simplicity were achieved at a single stroke through the brilliant theory 
proposed by Bohr (1913). To this theory, which has so justly cap- 
tivated the minds of physicists, we must now give our attention. It 
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Fic. 9.—Energy Levels in the Hydrogen Atom. 


will be presented in a somewhat different manner from that employed 
originally by Bohr himself, in order to separate that part of the theory 
which may be stated independently of any atomic model from the part 
which deals with his model. 

Considering the simplest case of an atom like monatomic hydrogen, 
which is composed solely of a nucleus and one electron, it is first 
postulated that the electron may assume any one of a whole series 
of states, so that each state may be spoken of as an energy level. Thus 
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in Figure 9 we may represent these levels by a series of lines, such 
that the distance between two lines is equal to the energy difference 
in the atom between the two corresponding states. The lowest level 
represents the smallest energy and therefore the most stable state 
of the atom. — 

These levels form an infinite series, and the energy at the limit 
of this series (indicated by the dotted line) is assumed to represent 
the energy of the system when the nucleus and the electron are com- 
pletely separated from one another. The difference between the 
energy of the th level and this limiting energy can be designated by 
E,* (a negative quantity). For convenience, the value of the limiting 
energy may be taken as zero, and we may then say that the energy 
of the first level is E,*, that of the second level E.*, and so on. All 
of these values of E* are now negative. 

The second assumption made by Bohr is that the energy at any 
level, when divided by h, the Planck constant, gives the negative of 
one of those fundamental frequencies which we have discussed in a 
preceding section, and from which the various spectral lines of the 
element may be obtained. In other words, it is assumed that 

E.* 
Fe ahs (7) 


The third assumption is that the atom emits light only when the 
electron falls from one level to another (or absorbs light only when 
the electron is raised from one level to another). The energy of the 
emitted light is equal to the difference between the energies of the two 
levels, and the frequency of the light is this energy difference divided 
by h.. Thus 

E,* ee a 

aa h 

So the second line of the Balmer series, which is v.* — v,*, is supposed 
to be produced when the electron falls from the fourth to the sec- 
ond level of the atom of hydrogen, and the other lines of the Balmer 
series are obtained when an electron drops from the several upper 
levels to the second level; while the lines of the Lyman series are 
produced when the electron drops from various levels to the first and 
most stable level. 

Without going more fully into the complex spectra of the elements 
than has been possible in this brief summary, it is impossible to show 
what a wonderful insight into the significance of spectral series is 
furnished by Bohr’s theory. Nor does this partial statement of his 
theory alone do justice to that brilliant generalization, for when we 
consider Bohr’s atomic model we shall see that an equally simple 
set of assumptions leads to more far-reaching conclusions than can 
be drawn from the assumptions which we have so far discussed. 

However, it will be seen that the theory as we have developed it 
so far contains the two essential elements of the quantum theory. The 


= v,'* —v,*. (8) 
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first of these is that monatomic light of frequency v can change the 
energy of an electron by the amount hv. The second is Planck’s 
idea that there is a mechanism in the atom whose energy can vary, not 
continuously, but only by finite increments. 


The Interpretation of X-Ray Spectra. 


The theory of Bohr not only explains the long familiar data of 
spectroscopy, but by a slight modification gives an equally satisfac- 
tory interpretation of the newer data relating to X-ray spectra. Let 
us consider a heavy element whose atom contains a large number of 
electrons, and postulate once more that there are certain energy levels, 
the first being now called the K level, the next the L level, the next 
the M level, and so on. We may next assume that only a limited 
number of electrons can be present at each of these levels. Instead 
of considering these levels as a mere framework, as we do in con- 
sidering an atom like hydrogen, we may assume that each of the 
levels—at least each of the lawer levels—contains its full quota of 
electrons. If then by some means an electron from the K level is 
knocked out of the atom, an electron from the L level may fall in 
to take its place, thus giving rise to the spectral line designated as 
K,. If it is an electron from the M level which falls into the vacant 
place it gives rise to the line Kg, and electrons dropping from higher 
levels give a bundle of lines which, if the spectroscopic resolution is 
not great, are usually observed as a single line, K,. So also an 
electron may be ejected from the L level, and if its place is filled 
by an electron from the M level the L, line results, and so on, for the 
other lines. 

This theory furnishes a beautiful explanation of the peculiar ab- 
sorption of X-rays. We do not find, as in the case of ordinary spectra, 
that we have absorption lines corresponding to the several emission 
lines. The absorption of X-rays at the frequency K, would indicate 
an electron being transferred from the K level to the L level, but in 
the stable atom the L level already has its quota of electrons, and this 
process is therefore impossible. Absorption cannot begin until the 
frequency of the X-rays is sufficient to remove the electron entirely 
from the atom, or at least to one of the outer levels which has not 
its full quota of electrons. The observed fact is that a continuous 
absorption band stretches from the higher frequencies down to a 
frequency a little higher than corresponds to the K, line and there 
abruptly terminates. 

If the energy at a given level in different elements is supposed 
to depend primarily upon the charge of the nucleus, we have a new 
interpretation of the simple relation between the X-ray spectra and 
the atomic number which Moseley discovered, and which has been 
illustrated in Figure 2 (Chapter II). 

This simple conception has been of the greatest service in account- 
ing for the general characteristics of X-rays, although here as with 
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ordinary spectral lines there are certain complexities, a discussion of 
which would carry us too far afield. The concept of energy levels 
requires that the combination principle, which proved so useful in 
the understanding of ordinary spectra, should hold for X-ray spectra 
also. Thus if the line Kg is determined by the energy difference 
between the K and M levels, and the K, line by the difference between 
the K and L levels, while the L, line is determined by the difference 
between the L and M levels, the frequency of the K, line should 
be the difference between the frequencies of the other two, and this 
is an experimental fact. 


Tonization and Resonance Potentials. 


In a vacuum tube when the electrons emitted by a hot cathode 
pass through a potential gradient to an anode, the electrons acquire a 
kinetic energy corresponding to the difference in potential between the 
cathode and anode. Also when certain gases are introduced into the 
tube, the electrons, although meeting and rebounding from the gas 
molecules, seem to do so in an elastic manner, and finally arrive at 
the anode with the same kinetic energy which they would acquire in 
the absence of any gas. This is far from being true of all gases, but 
there are many in which these collisions between electrons and mole- 
cules appear to be completely elastic within the limits of experimental 
error. In other words, the motion of the electron through the gas 
can be said to be frictionless. 

But even with gases of this type, if the potential difference between 
cathode and anode is gradually increased, a definite point is reached 
at which the electron evidently loses energy upon collision. We may 
say that the slow-moving electron rebounds from the molecule elastically, 
but that when the kinetic energy of the electron reaches a certain 
value, a part of its energy is given up to the molecule on collision. This 
important observation, first made by Franck and Herz (1913), has 
been confirmed in many investigations. 

If the kinetic energy of the electron is increased beyond this first 
point of inelastic collision, other points become manifest, which indicate 
new processes by which the energy of the electron is given to some 
part of the gas molecule. The first of these critical points to be 
observed is often associated with the sudden emission of light. The 
ftequency of the light is that of one of the characteristic spectral lines 
of the gas. The potential which suffices to produce this inelastic col- 
lision, accompanied by light emission, is known as a resonance potential. 

In the simpler cases, the highest of these critical potentials is found 
to be associated with the sudden appearance of gaseous ionization. 
It appears therefore that the electron striking the molecule knocks 
off another electron, so that the two electrons departing leave behind 
a positively charged ion. The minimum potential required to produce 
this phenomenon is known as the ionization potential. 

Bohr’s theory gives an extremely satisfactory qualitative and quan- 
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titative explanation of these phenomena. If we consider an atom 
with an electron in the most stable position, that is, upon the lowest 
available energy level, the atom can only acquire energy if enough 
is furnished to raise the electron to one of the higher energy levels. 
Thus if the atom is struck by an electron which has insufficient energy 
to produce this result the collision must be elastic. On the other 
hand, if the bombarding electron possesses just enough energy to raise 
the electron within the atom to the next energy level, it may lose 
all its kinetic energy. Then the collision is inelastic, and the electron 
which has been raised to the second level, or resonated, may a moment 
later drop back to the first level, emitting the first line of the element’s 
series spectrum. Again, the velocity of the bombarding electron may 
be great enough to cause the electron of the atom to pass through the 
whole series of energy levels and become separated altogether from 
the atom, which therefore becomes ionized. Such is the qualitative 
explanation of resonance and ionization. 

The quantitative explanation is equally satisfactory. The energy 
required for the first resonance must be equal to / times the frequency 
of the first line of the spectral series. The energy required for ioniza- 
tion must be h times the limiting frequency of the series (the head of 
the series). These deductions from the theory have been completely 
verified by experiments with a large number of elements, within the 
limits of the experimental accuracy, which unfortunately is not yet all 
that might be wished. 

The phenomenon of resonance and ionization potentials is most 
sharply evidenced in the metallic vapors. In the case of hydrogen the 
presence of diatomic molecules complicates the situation, but if we could 
study pure monatomic hydrogen we should doubtless find the first reso- 
nance potential and the ionization potential to be in the ratio of 3 to 4, 


since the former depends upon the term (<- =)= = = 4, and the latter 


upon the term (=—3)= I, thus corresponding to the first line, and 
oC 


to the head, of the Lyman series. 

These experiments on resonance and ionization potentials seem to 
furnish a complete demonstration of the quantum assumption that 
definite energy levels exist within the atom, and that an electron can- 
not be lifted above one level unless it receive a sufficient amount 
of energy to raise it completely to another level. 


Bohr’s Atomic Model. 


Having seen how exceedingly useful even a partial statement of 
Bohr’s theory can be made, let us turn to his complete theory of the 
structure of the hydrogen atom. He assumed first a Rutherford atom 
with a small positive nucleus and an electron revolving about it in 
a circular orbit. The centripetal force is taken as that given by 


48 VALENCE AND THE STRUCTURE OF ATOMS AND MOLECULES 


Coulomb’s law, namely, a force equal to the product of the two 
charges and inversely proportional to the square of the distance be- 
tween them. The properties of the system are in this respect identical 
with those of a system composed of the sun, and a planet moving 
in a circular orbit. 

In conformity with this law of force a continuous series of orbits 
is possible, the radius of each orbit determining the velocity in the orbit, 
and the energy (kinetic and potential) of the system. Now Bohr in- 
troduced the quantum theory by assuming that not all of these orbits 


Fic. 10.—Orbits of the Hydrogen Atom (Bohr). 


are possible, but only that particular set of orbits in which the angular 
momentum of the electron is an integral multiple of h/2x (Figure 10) 
The orbit nearest the nucleus is the one in which the angular mo- 
mentum has this value, the second is one in which it has twice 
this value, and so on. In conformity with the assumed law of force 
these orbits must have radii in the ratio of 1:4:9:16, and so on 
to infinity, the radius of the first orbit being of the order of 10-* cm. 
His third assumption is the one which we have discussed before 
namely, that emission of light occurs when the electron falls from 
ce ae an inner orbit, and that the frequency of the emitted 
oe le a the difference in pees between the two orbits (or 


By means of this astonishingly simple assumption, it is possible 
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to obtain quantitatively the whole set of spectral series which we as- 
cribe to atomic hydrogen. Merely from Coulomb’s law and _ the 
assumption that the angular momentum in each orbit is a multiple of 
h/2mx, we may calculate the energy of the atom corresponding to any 
orbit. From this calculation, 


2n7e7e’*m I 
E,* = — h2 n’ (9) 
where e’ is the charge of the nucleus, e the charge on the electron, 
m the mass of the electron and h the Planck constant. 
For the hydrogen atom e’ = e, and if we use Equation 8 we find 
for the frequency of any line 


aie 7.1 I 
oaae mad tern oP (10) 


Not only does this equation resemble in form the equation by which 
we have already expressed the spectral lines of monatomic hydrogen, 
but the coefficient in the last term of Equation 10 should be equal 
to the Rydberg constant, and, it is so within the narrow limits of error 
involved in the determination of the several quantities concerned. 

Bohr next showed that an atom with a nuclear charge equal to 
twice that of hydrogen, and possessing a single electron, should give 
spectral lines according to the formula 


I I 
v= 4Ne Ga — ar) (11) 
This formula satisfied the Pickering series, as well as certain other 
spectral lines which had formerly been ascribed to hydrogen, but which 
Bohr showed must be due to helium atoms from which one of the 
two electrons had been ejected, namely, to the ion Het. This in- 
ference has since been completely verified by the production of these 
lines in tubes containing pure helium. 

As a matter of fact, the values of Rydberg’s constant obtained from 
the Balmer series and from the “enhanced” helium series are not 
absolutely identical. Although the difference is small, the methods of 
spectroscopy have been so refined that, it can be measured with some 
accuracy. This difference was also readily explained, since the mass 
of an electron is not entirely negligible with respect to the mass of 
the nucleus of hydrogen or helium, and therefore instead of assuming 
a system in which the nucleus occupies a fixed position and the electron 
revolves about it, the two must be considered as revolving about their 
common center of mass, which is very close to the center of the nucleus. 
Indeed, by making use of the known masses of the hydrogen and 
helium atoms and the two values of the constant in the equations for 
the spectral series, it has been found possible ‘to calculate the mass 
of an electron with an accuracy which apparently rivals that given 
by other methods. 
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It would carry us too far to attempt to describe the many interest- 
ing developments and refinements which have been introduced into 
Bohr’s theory by the assumption of elliptical as well as circular orbits, 
the eccentricity of the orbits varying not continuously but in steps, 
in accordance with a second application of quantum theory. Many of 
the more minute observations regarding spectral lines to which we 
have not been able to give our attention are thus brought into con- 
formity with the Bohr principle. i. 

Altogether we have in this very notable list of quantitative agree- 
ments between experiment and the simple assumption of Bohr some 
very strong reasons for believing that Bohr’s model of the hydrogen 
atom and the singly charged helium atom is something more than a 
mere working hypothesis, and may represent an ultimate reality. Never- 
theless we must be cautious in making such an inference. When 
the theory of the luminiferous ether was in its prime, several models 
or mechanical pictures of the ether were offered which represented 
with some degree of adequacy the properties of the electromagnetic 
field. We still recognize that the mathematical equations of hydro- 
dynamics are largely identical with the mathematical equations of 
electromagnetics, but such mechanical pictures of the ether are now 
thoroughly discredited. 

It is to be remarked that while it seems natural to use the same 
law of force between two charged parts of an atom which is found 
to hold between two large charged bodies at greater distances from 
one another, our satisfaction in the success of this experiment is some- 
what diminished by the introduction of another assumption which 
limits the validity of Coulomb’s law to certain specific orbits. This 
is especially true since no suggestion has yet been made regarding 
the quantitative or even the qualitative laws governing the electron 
between any two orbits. Indeed the combination of the quantum theory 
with the Rutherford theory of the atom seems to result in a model 
which has properties in some sense intermediate between those of 
an atom whose parts are in rapid motion and those of a static atom 
as the following considerations show. 

It was predicted from the classical electromagnetic theory that any 
accelerated charge would emit radiant energy, but the electron in 
ae of the stable orbits of the Bohr theory is subject to constant ac- 
oe laa es the center a the atom and yet is supposed to emit 
charge does not oe c ee cbse ot ey a ae 
eae, Rie. pasties 6 an entirely inevitable consequence even of 
ce ee ls ere we may turn our attention to a 
ay please rou ard in which I have attempted to show (1917) 
erties that would ae hase ee Oe ee a ae ee. 
an electron in motion. ieinabaiag eecaay se OSCE Seca is 

; Let us in Figure rr represent a h 
with an electron in the first orbit, t 
state, and let us represent by AA’ : 


ydrogen atom according to Bohr 
hat is to say in the most stable 
a small wire which may be brought 
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near to the hydrogen atom. Now if the electron in the orbit exerts 
any sort of electrical force at a distance, when the electron is in position 
X there will be a slight flow of positive electricity in the wire 
toward A, and when the electron is at X’ there will be a slight flow 
toward A’. Indeed at any finite distance of the wire from the atom 
there should be set up in the wire a finite alternating current which 
would continue indefinitely. Such a current should generate heat, 
but since the atom is supposed to be in the state of lowest possible 
energy there appears to be no source from which the heat could 
originate. In other words, we must conclude either that such an 


x A 


we! A 


Fic. 11.—Illustrating a Doubtful Point Concerning the Bohr Atom. 


7 


alternating current is not produced or that it is produced but meets 
with no ohmic resistance. 

The latter alternative is possible. The electrons in the metal wire 
may also be presumed to be subject to quantum laws, and since the 
motion which they would acquire owing to their proximity to the 
hydrogen aton would be very minute, it might be assumed that their 
displacement to and fro could occur without frictional loss. Indeed 
it is perhaps to be predicted that with a perfect crystal at a very 
low temperature a certain potential gradient will be found to be 
necessary before the electrons can be sufficiently displaced from their 
equilibrium positions to give ordinary electrical conduction. But with 
ordinary metals at ordinary temperatures we have no experimental 
evidence that Ohm’s law would fail even at very small values of 
the electromotive force, nor does this seem likely on theoretical 
grounds. ; 

If these considerations are correct, we must conclude that an elec- 
tron, in a Bohr orbit, exerts upon other electrons no force which 
depends upon its position in the orbit. In other words it seems as 
though we should add another assumption to those of Bohr, namely, 
that while the orbit of one electron may as a whole affect the orbit 
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of another electron, we should look for no effects which depend upon 
the momentary position of any electron in its orbit. If this idea 
proves useful it will greatly simplify attempts to secure adequate 
models of atoms or molecules containing two or more electrons. — 

The remarkable quantitative success of the Bohr model was limited 
to the special case of an atomic nucleus accompanied by one electron. 
Efforts to construct equally complete and adequate models of atoms 
with two or more electrons have so far failed. In Bohr’s original 
theory of an atom containing a number of electrons, these electrons 
were supposed to be arranged in successive concentric rings about 
the central nucleus, the electrons in any one ring being equally spaced 
and moving with the same velocity. However, this idea has been 
abandoned and in the next chapter we shall discuss the more recent 
views of Bohr regarding the structure of such an atom. 


Magnetic Phenomena. 


Excepting the observations on spectral lines, there appears. to be 
no method of studying the structure of the atom which is so direct 
or so promising as the method furnished by the study of magnetism. 
Unfortunately the experimental difficulties in this field are great, | 
and at present we have very meagre data concerning the magnetic prop- 
erties of substances. But even the information which we now pos- 
sess is of the greatest importance to any theory of atomic and molecular 
structure. 

The behavior of substances in a magnetic field is in many respects 
analogous to that in an electric field. When two plates of an electric 
condenser in a vacuum are oppositely charged they attract one another, 
and if any object which has a positive charge at the one end, and a 
negative charge at the other, is placed between the plates it tends 
to orient itself so that its positive end approaches the negative plate 
and its negative end approaches the positive plate. In so doing it 
diminishes the attraction between the two plates in accordance with 
the ordinary laws of electric attraction. 

So also when the space between the plates, formerly separated 
by a vacuum, is filled by any substance the attraction diminishes 
and the ratio between the original attraction and the attraction now 
observed is called the dielectric constant of the substance in question. 
In such cases also it is assumed that the substance contains molecules 
which are differently charged at the two ends and are therefore called 
dipoles. The amount of motion of these charges, either through the 
rotation. or stretching of the dipole, or through slight displacements 
of electrons or nuclei from the equilibrium positions which they 
normally occupy, is believed to determine the magnitude of the dielec- 
tric constant. 

The molecular dipoles, which tend to orient themselves strictly in 
the line of electric force, could not be expected to do so completely 
because of thermal agitation, and in accordance with this view it is 
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found experimentally that the dielectric constant of a substance always 
diminishes with increasing temperature. 

_ A magnet in a magnetic field behaves very much like the dipole 
in the electric field. Its torque is proportional to what is called its 
magnetic moment. In the case of a simple bar magnet this magnetic 
moment is proportional to the intensity of magnetization and the 
distance between the two poles. If the magnet is an electric circuit 
the moment depends upon the amount of current and the dimensions 
of the circuit. 

Two opposite magnetic poles, separated by a vacuum, exert upon 
one another an attraction which is diminished if a small magnet is 
placed between the two poles and is allowed to orient itself in con- 
sequence of its magnetic torque, so that its south end approaches 
the north pole of the magnet, and its north end approaches the south 


Fic. 12.—Illustrating the Type of Orientation of a Molecular Magnet That 
Produces Paramagnetism. 


pole (Figure 12). As in the analogous case of the electric field, 
various substances placed between the two magnetic poles diminish 
the mutual attraction between these poles. 

The ratio between the original attraction between the poles and 
that which is observed after the intervening space has been filled 
with the substance in question, is known as the permeability of the 
substance. When the attractive force is thus diminished, the sub- 
stance is said to be paramagnetic, or in extreme cases, ferromagnetic. 
It is assumed that the substance contains molecular magnets which 
tend to orient themselves in the magnetic field, but that the thermal 
agitation prevents complete orientation. It is an observed fact that 
the permeability of such paramagnetic substances always diminishes 
with increasing temperature. 

There is, however, another class of substances, having no counter- 
part in the electrical analogue, that increase the attraction between 
two magnetic poles, and these substances which have permeability less 
than unity are called diamagnetic. In a typical diamagnetic substance 
the permeability is independent of the temperature. 

In Langevin’s theory of para- and diamagnetism, every molecule 
contains within it electric circuits or orbital electrons. Each electric cir- 
cuit is the equivalent of a small magnet, and these elementary circuits or 
magnets are assumed not to be affected by temperature, nor are they 
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supposed to be free, within the molecule, to orient themselves ap- 
preciably in a magnetic field. But if the several elementary magnets 
which are contained within a molecule have a resultant magnetic 
moment in one direction, then the molecule as a whole can turn in 
the magnetic field and produce the phenomenon of paramagnetism. 

While the individual electron orbits are not considered free to 
orient themselves in a magnetic field, it is nevertheless shown to be a 
consequence of electromagnetic theory that the field will produce a 
slight change in the orbit itself, and this change is in such a direction 
as to produce the phenomenon of diamagnetism. Thus according to 
Langevin’s theory every substance exhibits this diamagnetic phenome- 
non, the effect of which, however, is overshadowed in paramagnetic 
substances by the large effect of opposite sign which is due to the 
orientation of the molecular magnets. 

Quantitatively Langevin’s theory permits a calculation of the dimen- 
sions of the electron orbits which seem to be of the expected order of 
magnitude, although it is now generally believed that the details of 
his theory must be modified in accordance with quantum theory. 

We shall have occasion to return later to the consideration of the 
magnetic properties of substances, but in the meantime it is evident 
that, irrespective of any special theory, the mere existence of magnetism 
in substances appears to imply that the atom contains charged particles 
in rapid motion. It is conceivable that a stationary electron in a 
position of asymmetric stress might give rise to a magnetic field, but 
this suggestion has not hitherto been made, nor does it seem at pres- 
ent capable of useful development. In the present state of science 
it therefore seems best to regard the existence of magnets as definite 
evidence of electricity in motion. 


‘Chapter IV. 


Reconciliation of the Two Views; the 
Arrangement of Electrons in 
the Atom. 


We have now discussed two distinct views of the internal structure 
of the atom. According to both views the neutral atom is composed 
of a central nucleus with a positive charge equal to Z, the atomic 
number, and a group of Z electrons situated about this center. 

The view based on the periodic law and the chemical behavior of 
the elements leads to the picture of a relatively static atom. Accord- 
ing to this picture, the electrons occupy fixed positions which are ar- 
ranged in concentric shells about the nucleus. It is not implied that 
the electrons may not be displaced from these positions by the action 
of heat and light, or driven into new positions when a chemical re- 
action occurs. Nor is there anything in this view really incompatible 
with the assumption of an electron in rapid motion, such as the Parson 
ring electron, so long as the electron as a whole is regarded as 
occupying a fixed position in the atom. This theory of the static atom 
obviously abandoned the assumption that the ordinary laws of elec- 
trical attraction and repulsion are valid within the atom. 

The experiments of physicists led to a quite different view of the 
atom. The theory of Rutherford assumes the forces between the 
charged particles within the atom to be the same as those which hold 
for massive charged bodies. The atom is regarded as a sort of plane- 
tary system in which the force of attraction between the nucleus 
and electrons is balanced by the centrifugal force due to their orbital 
motion. The electrons are considered to be arranged in successive 
rings rather than in successive shells. 

These two views seemed to be quite incompatible, although it is 
the same atom that is being investigated by chemist and by physicist. If 
the electrons are to be regarded as taking an essential part in the proc- 
ess of binding atom to atom in the molecule, it seemed impossible 
that they could be actuated by the simple laws of force, and travelling 
in the orbits, required by the planetary theory. The permanence of 
atomic arrangements, even in very complex molecules, is one of the 
most striking of chemical phenomena. Isomers maintain their identity 
for years, often without the slightest appreciable transformation. An 
organic molecule treated with powerful reagents often suffers radical 
change in one part of the molecule while the remainder appears to 
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suffer no change. It appears inconceivable that these permanent though 
essentially unstable configurations could result from the simple law 
of force embodied in Coulomb’s law. 

The first step toward removing barriers between the two types of 
atomic model was made by Bohr when he restricted the application of 
Coulomb’s law to specific states or orbits. I have attempted to show 
in the preceding chapter that it is the orbit as a whole rather than the 
particular position of the electron within the orbit that is the thing 
of essential interest in the Bohr theory. If these orbits are in fixed 
positions and orientations they may be used as the building stones of 
an atom which has an essentially static character. 

There remained, however, in Bohr’s original theory some features 
which were far from compatible with the chemist’s view of the atom. 
This is essentially true of his models of atoms containing more than 
one electron. Here he assumed rings of electrons, revolving in a com- 
mon orbit, which seemed quite irreconcilable with the common phe- 
nomena of chemistry. 

Also from the side of physics evidence began to accumulate which 
was opposed to the ring theory. The X-ray spectrographs obtained 
from crystals seemed to indicate a cubic or some other regular poly- 
hedral structure of the electrons about the atom, as was shown by the 
investigations of Hull (1917). A like conclusion was reached by 
Born and Lande (1918) in their searching physico-mathematical in- 
vestigation of the common physical properties of crystalline substances. 
These authors, while maintaining the view of the orbital electron, 
make the orbit small, and make the position of the orbit correspond 
to the positions assigned to the electrons by Parson and myself. 

In his later work Bohr entirely abandoned the ring of electrons. 
He found that even the phenomena of spectral lines in the visible and 
in the X-ray regions could not be interpreted in terms of a theory 
which regards the electrons as associated with one another in joint 
orbits. He now assigns to each electron its separate orbit and regards 
these orbits as situated about the atomic center in shells. 

It seems to me that by this step Bohr has removed every essential 
element of conflict between the views of the physicist and the chemist. 
If we regard as the important thing the orbit as a whole, and not the 
position of the electron within the orbit, and if each electron is as- 
signed an independent orbit, then we may think of each electron orbit 
as having a fixed position in space. The average position of the 
electron in the orbit may be called the ‘position of the electron and 
will correspond entirely to that fixed position which was assigned in 
the theory of the static atom. 

_ Let us therefore now attempt to weld these different views into a 

single theory of atomic structure which, while it certainly can claim 

and. physical, ~WRich se: of iiateceen es Une ae ea 
Cal, possess regarding atomic structure. 

ee Be First we shall adopt the whole of Bohr’s theory in so far as 

it pertains to a single atom which possesses a single electron. There 
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are no facts of chemistry which are opposed to this part of the 
theory, and we thus incorporate in the new model all of the Bohr theory 
that is strictly quantitative. 

2. In the case of systems containing more than one nucleus or 
more than one electron, we shall also assume that the electron possesses 
orbital motion, for such motion seems to be required to account for 
the phenomenon of magnetism; and each electron in its orbital motion 
may be regarded as the equivalent of an elementary magnet or mag- 
neton. However, in the case of these complex atoms and molecules 
we shall not assume that an atomic nucleus is necessarily the center 
or focus of the orbits. 

3. These orbits occupy fixed positions with respect to one an- 
other and to the nuclei. When we speak of the position of an electron, 
we shall refer to the position of the orbit as a whole rather than to 
the position of the electron within the orbit. With this interpretation, 
we may state that the change of an electron from one position to an- 
other is always accompanied by a finite change of energy. When the 
positions are such that no change in position of the several parts of the 
atom or molecule will set free energy, we may say that the system 
is in the most stable state. 

4. In a process, which consists merely in the fall of an electron 
from one position to another more stable position, monochromatic radi- 
ant energy is emitted, and the frequency of this radiation multiplied 
by h, the Planck constant, is equal to the difference in the energy 
of the system between two states. 

5. The electrons of an atom are arranged about the nucleus in con- 
centric shells. The electrons of the outermost shell are spoken of as 
valence electrons. The valence shell of a free (uncombined) atom 
never contains more than eight electrons. The remainder of the atom, 
which includes the nucleus and the inner shells, is called the kernel. 
In the case of the noble gases it is customary to consider that there is 
no valence shell and that the whole atom is the kernel. 

6. In my paper on “The Atom and the Molecule” I laid much stress 
upon the phenomenon of the pairing of electrons. I have since become 
convinced that this phenomenon is of even greater significance than I 
then supposed, and that it occurs not only in the valence shell but also 
within the kernel, and even in the interior of the nucleus itself. It has 
not seemed desirable to discuss in this book the extremely interesting 
modern ideas concerning the structure of the atomic nucleus, but if we 
adopt the old hypothesis of Prout it is possible from the atomic weight 
and the atomic number alone to determine the number of hydrogen 
nuclei and the number of electrons which compose the nucleus of a 
given atom. It is a striking fact that with very few exceptions the 
number of nuclear electrons so calculated is an even number. It is 
furthermore to be noted that whenever a radioactive atom emits one 
beta-particle it almost immediately emits another, again illustrating the 
instability of an unpaired electron within the nucleus. So also we 
find that in all the more stable states which atoms assume, the 
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electrons occur in even numbers in the several inner shells. Later we 
shall show that the valence electrons almost invariably follow the same 
rule. The simplest explanation of these facts appears to lie in the 
assumption of a physical pairing of the electrons. There is nothing 
in the known laws of electric force, nor is there anything in the quantum 
theory of atomic structure, as far as it has yet been developed, to 
account for such pairing. However, we have seen that an electron 
within the atom must be regarded as a magnet, and two such magnets 
would tend to be drawn together. While the classical theory of mag- 
netism would hardly suffice to account fully for this phenomenon of 
pairing, there can be no question that the coupling of electrons is inti- 
mately connected with the magnetic properties of the electron orbits, 
and the explanation of this phenomenon must be regarded as one of 
the most important outstanding problems in quantum theory. 

7, We may next consider a very recent idea advanced by Bohr 
(1921), which is not based so much upon deductions from his atomic 
model as upon a direct consideration of the experimental data on spec- 
tral series. He assumes essentially that the first shell is associated with 
a single energy level, and that this level can accommodate one pair of 
electrons, that the second shell contains two energy levels, each of which 
is capable of holding two pairs of electrons, making a maximum of eight 
electrons in the second shell. The third shell has three energy levels, 
each of which can hold three pairs of electrons, so that the maximum 
number of electrons in the third shell is eighteen. The fourth shell 
comprises four levels, each capable of holding four electron pairs, mak- 
ing a total of thirty-two electrons, and so on. We shall see the great 
utility of this conception as we now proceed to consider the arrange- 
ment of electrons in the various elements. 


The Inner Structure of the Sever Atoms. 


In hydrogen the kernel of the atom is the nucleus itself, and there 
is one valence electron. This single electron should give to the atom 
a large magnetic moment, and we expect to find that monatomic hydro- 
gen is highly paramagnetic. Unfortunately no one has succeeded in 
devising an experimental method of ascertaining the susceptibility of 
the monatomic form, which can only be obtained at very high tempera- 
ture, or through the agency of a powerful electric discharge. 

In a recent investigation of extraordinary interest Stern and Gerlach 
(1921) have succeeded in studying in a most direct manner the magnetic . 
properties of the silver atom which, like the hydrogen atom, we suppose 
to have one electron in its outer shell. They find that its behavior is 
similar to that which would be predicted for the hydrogen atom by the 
Bohr theory. 

_ (There is of course a possibility that the nucleus of an atom might 
itself possess a magnetic moment. As a rule, the magnetic properties 
of substances are found to be largely dependent upon the physical state 
of an element or its state of chemical combination, so that it may be 
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assumed that the outer electrons, which are the ones chiefly affected in 
ordinary physical and chemical changes, are the ones that are respon- 
sible for magnetic properties. Nevertheless we have no direct evidence 
that the nucleus may not itself be magnetic.) 

In diatomic hydrogen and in helium it was originally assumed by 
Bohr that the two electrons revolved in the same direction in the same 
orbit.. This would produce a-.large magnetic moment, and the two 
gases would therefore be expected to be paramagnetic. On the con- 
trary both gases are diamagnetic, and this model is evidently unsatis- 
factory. A later model in which the two electrons are placed in sepa- 
rate orbits making an angle with one another, may be criticized on the 
same grounds, since this arrangement also should lead to paramag- 
netism. There are two ways in which a pair of magnets can be held 
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together by their magnetic forces. These are illustrated in Figure 13, 
in which the magnets are represented either as electric circuits or as 
the equivalent bar magnets. In the first arrangement the two magnets 
augment one another and produce a magnetic moment greater than that 
of either magnet alone. In the second arrangement the two magnetic 
moments neutralize one another, and the lines of magnetic force are 
almost entirely confined to the immediate neighborhood of the pair of 
magnets. Since the phenomenon of diamagnetism is predominant in 
the great majority of substances, we must assume that the second 
arrangement more nearly represents the normal condition of an elec- 
tron pair. 

The two electrons of helium are not ordinarily regarded as valence 
electrons, and therefore we may consider the whole atom of helium as 
the kernel. In paragraph 7 of the preceding section we have seen that 
Bohr postulated that the first shell of an atom corresponds to a single 
energy level and can accommodate two electrons. The pair of electrons 
in the helium atom constitutes this shell, and a similar pair will appear 
as the first shell of all atoms of higher atomic number. 

The system of nucleus, and first shell of two electrons, forms the 
kernel of the elements from lithium to fluorine inclusive. The neutral 
atom of lithium has a nuclear charge of + 3, and one valence electron, 
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which is readily given up by the atom, leaving the kernel, which is the 
lithium ion. Beryllium has two valence electrons, which are also easily 
lost, giving the beryllium ion. On the other hand, boron with three 
valence electrons does not so readily lose these electrons, and the free 
boron ion is not known to exist. So carbon has four valence electrons, 
nitrogen five, oxygen six, and fluorine seven. In the last three cases 
there is an increasing tendency to take up additional electrons to form 
the stable group of eight, or the octet, which we have shown in Chapter 
II to be one of the most striking phenomena of chemistry. The nitride 
ion with three extra electrons probably exists, although this has not 
been definitely proved. The oxide ion possesses two extra electrons, 
while fluorine reacts violently with almost all substances in such manner 
as to take up the one electron necessary to form fluoride ion. 

In neon the neutral atom contains this second shell of eight electrons, 
and forms an extremely stable system. Here again, as in the case of 
helium, we may consider the kernel to comprise the whole atom, namely, 
the nucleus, the first shell of two, and the second shell of eight. In 
terms of the Bohr assumption, the outer group of eight electrons repre- 
sents the maximum number of electrons which can enter the second 
shell. According to his idea, four of these electrons are on a somewhat 
different energy level than the other four, but this is a distinction that 
we may disregard when considering the purely chemical properties of 
the atoms. 

A kernel entirely resembling the neon atom characterizes all of the 
elements of the next period. We may represent the distribution of 
electrons in the successive shells in the following manner: Na, 2-8-1; 
Mg, 2-8-2; and so on to Cl, in which the distribution is 2-8-7. In each 
case the last figure gives the number of valence electrons, and, as in 
the preceding period, the elements with a small number of valence 
electrons tend to give these up to form positive ions, while those with 
a greater number tend to take up enough electrons to form negative ions 
with a complete group of eight in the outer shell. 


The First Long Period. 


The distribution of electrons in argon may be represented by 2-8-8 
and by analogy to the two preceding periods we might have expected 
a kernel of this type to characterize the elements of this period, and 
indeed we find that the chemical properties of the first three elements 
are in accordance with the arrangements: K, 2-8-8-1; Ca, 2-8-8-2: 
Sc, 2-8-8-3. But when we come to titanium we see this simple system 
breaking down. Indeed we have postulated that no atom ever has 
more than eight valence electrons, and we are dealing with a period 
of eighteen elements, so that the series cannot proceed from the first 
to the last element merely by the addition of successive electrons to the 
outer shell. It is evident that some new phenomenon must occur 

Many years ago I was led to the conclusion that when we speak 
of ‘— of variable valence we are including two very different 
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types of phenomena, and that such a change as the oxidation of 
hydrogen sulfide to sulfurous or sulfuric acid is a very different kind 
of change from the one which occurs when a ferrous salt is converted 
into a ferric, or a titanous salt into a titanic. There are numerous 
reasons for suspecting a fundamental difference between these two 
types of oxidation. For example, in the first type oxidation and reduc- 
tion usually occur by steps of two, while the second type more often 
involves a change of but one step. Substances which undergo the 
second type of change are usually colored, while those involved in the 
first type of change are usually colorless. The distinction between the 
two types was expressed in my paper of 1916 by referring to the atoms 
which undergo the second-type of valence-change as atoms of variable 
kernel. 

The properties of the various elements which come before titanium 
are in accord with the assumption that the electrons which are a part 
of the kernel do not take part in chemical reactions, but as we now 
proceed to elements of higher atomic number we shall see that this 
simple rule is by no means universally valid. 

It is a remarkable fact concerning the metals that we have so far 
discussed that when they form ions they give off simultaneously all of 
the electrons of the outer shell. When Ca acts as an electrode in 
electrolysis, its atom never loses a single electron to form the ion Ca’. 
If it does, this ion must be unstable and react immediately according to 
the reaction, 2Ca* = Ca + Ca**, It is true that in the ionization of cal- 
cium vapor the ion Cat+is assumed to account for the so-called enhanced 
spectrum of calcium, but presumably two such ions coming together 
would undergo the above reaction. Compounds of the type CaCl are 
unknown. Aluminum does not form the ions Al* and Al**, nor are 
compounds known of the type AICI and AICl,. In other words, when 
such a metal reacts it uses all of its valence electrons or none. (It is 
probable that in some atoms of high atomic weight there are excep- 
tions to this rule. It seems likely that in the change from thallous 
to thallic ion or from aurous to auric ion there is no change in the 
kernel.) 

Now let us see the consequence of applying this rule to the elements 
in the periodic table which we have now reached. ‘Titanium gives three 
classes of compounds, one corresponding to the titanous ion, Ti**, one 
to titanic ion, Titt+, and one presumably to the quadripositive ion, 
Ti***+. Now if we are to believe that in each of these ions the atom has 
given up all its valence electrons, then we must assume that there are 
three possible states of the titanium atom containing, respectively, two, 
three, and four valence electrons. Since the total number of electrons 
must be the same for any state of the neutral atom, this means that 
the kernel must have one more electron in the first state than in the 
second, and one more in the second than in the third. If we assume 
that the extra electrons go into the preceding shell, we can represent 
the three states of the neutral atom as 2-8-8-4 (quadripositive), 2-8-9-3 
(tripositive, titanic), and 2-8-10-2 (bipositive, titanous). 
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TABLE. 


CoMPposITION oF AtoMic KERNELS IN ELEMENTS OF THE First LoncG PErtop. 


2-8-8 | 2-8-9 |2-8-10 |2-8-11 |2-8-12 |2-8-13 |2-8-14 |2-8-15 |2-8-16 |2-8-17 |2-8-18 


A 

K+ 

Catt 

Sett+ 

Tittt+ |Titt+ |Tit+ 


++ 
Vttt+ Vttt+ | Vtt+ Vit 


+++ 


Crtt++ Crt++ [Cr++ 
+++ +++ 
Mnit+++| Mntt+ Mnittt+!] Mntt++ |Mn++ 
+++ 
Fet++ Fet++ |Fet+ 
Cott+ |Cott 
Ni+t++ Nit++ 

Cut+ |Cut 
Znt+ 
Gatt++ 
etGe 


+++ +++ 

It will be understood that in writing such formule as Cr+++ and Mnt+++ 

we are not necessarily assuming the existence of these ions, but simply using a 

shorthand method of expressing the state of chromium in chromates and of 
manganese in permanganates. 
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Applying the same idea to the succeeding members of this period 
of elements of variable kernel, we find the distribution of electrons in 
the several kernels as shown in the accompanying table. Thus the 
kernel represented by 2-8-8 is the only one that occurs in argon, potas- 
sium, calcium and scandium. It also occurs in titanates, vanadates, 
chromates and permanganates. Every form of kernel from 2-8-8 to 
2-8-18 occurs in the table. Thus the kernel 2-8-11 is contained in 
vanadous compounds, in chromic compounds, and in manganese dioxide. 
When we comte to the kernel 2-8-18 we find evidence that this com- 
position of the kernel, like the form 2-8-8, appears to possess a higher 
degree of stability than the transition forms. Thus we find the kernel 
of copper assuming this form in the cuprous compounds, and all the 
remaining elements of the period, Zn, Ga, Ge, As, Se and Br, adopt 
no other form of kernel than 2-8-18. 

It is evident that some at least of the electrons in the kernels of 
the various transition forms between 2-8-8 and 2-8-18 are in a very 
different state from that which characterizes the electrons of the inner 
shells of the elements.-which we have considered hitherto. Simple 
processes of oxidation or reduction suffice to diminish or to increase 
the number of electrons in the kernel. That some of these electrons 
are not tightly held is shown also in the prevalence of color in the 
compounds of these transition elements. An equally striking charac- 
teristic of the transition elements is found in their magnetic properties. 
To say nothing of the remarkable ferromagnetic properties of the 
elements themselves, we find that many of the compounds of these 
metals are strongly paramagnetic. 

Indeed we find that pronounced paramagnetism is almost exclusively 
the property of these elements and of the transition elements of the 
remaining long periods in which the phenomenon of variable valence 
also appears. Thus if we inspect the very incomplete data given in 
the tables of Landolt, Bornstein and Roth, we are struck by the fact 
that (with the remarkable exception of molecular oxygen, O,) there 
is listed no elementary or compound substance possessing a higher 
magnetic susceptibility per gram than 10°, except those containing 
titanium, vanadium, chromium, manganese, iron, cobalt, nickel and 
cupric copper in the first long period; columbium, rhodium and pal- 
ladium, which are transition elements in the second long period, and 
cerium and praseodymium in the third long period. 

It is moreover to be noted that the highly paramagnetic character 
of these elements disappears when the kernel assumes either of the two 
forms 2-8-8 and 2-8-18. Thus chromates and permanganates are 
weakly paramagnetic, while cuprous compounds are either slightly para- 
magnetic or diamagnetic. On the other hand, the most highly magnetic 
substances are those which occur in the center of the transition group. 

In this transition stage which occurs before the completion of the 
new kernel—and this same process apparently occurs in each of the 
succeeding periods of the elements—there is a marked departure from 
the rule which is so generally observed, that electron shells tend to 
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hold an even number of electrons. If we consider the bivalent ions 
of titanium, vanadium, chromium, manganese, iron, cobalt, nickel, 
copper, there is no alternation of stability between the forms with 
even and odd numbers of electrons in the kernel. 

While in a stable kernel the electrons, regarded as elementary electric 
circuits or magnets, seem to be arranged in such manner as to neutralize 
the magnetic fields and to prevent a resultant magnetic moment, it 
seems to be quite otherwise in the case of these unstable forms of kernel 
in the transition group. Without attempting to suggest the actual 
structure of these unstable kernels, it is perhaps interesting to note that 
the magnetic properties which have been mentioned would result if, 
after the kernel has the form 2-8-8, the additional electron orbits (re- 
garded as elementary magnets) entered into the kernel in a row, the 
north end of one directly toward the south end of the next, so that 
each additional magnet would increase the total magnetic moment. If 


bod - 
ze, --- 


Fic. 14—A Possible Arrangement of Elementary Magnets in the Transition 
Metals. 


instead of a row we should imagine a ring of ten magnets, as in Figure 
14, this ring being built up one magnet at a time, then at the beginning 
each magnet would increase the resultant magnetic moment, but as the 
ring approached completion the moment would again diminish, and in 
the completed ring the magnetic moment would disappear. This may 
give a crude picture of the way in which the stable and non-magnetic 
kernel 2-8-8 passes into the stable and non-magnetic kernel 2-8-18, with 
the highest magnetic moment in the middle of the transition period. 

If a metallic ion is merely a kernel which has lost all its valence 
electrons, and if the structure of this kernel determines the magnetic 
properties of the ion, then (assuming that the magnetic properties of 
the ions of the iron group are not much affected or are equally affected 
by hydration) we might expect a close resemblance between two ions 
which have precisely the same type of kernel and differ only in the 
charge of the atomic nucleus. Kossel has called attention to some very 
remarkable results obtained by Weber (1915) on the atomic suscep- 
tibility of such ions. It appears that the paramagnetic susceptibility 


RECONCILIATION OF THE TWO VIEWS 65 


of the bivalent ions increases from the chromous to the manganous ion 
ae then diminishes to the nickelous ion. He obtained the following 
gures: 


Ion Cr Mn++ Fet+ Co*+ Nit 
Ya O.OIT 0.015 0.013 0.010 0.004. 


Studying the corresponding trivalent ions, Weber finds y, = 0.006 for 
chromic ion. Manganic ion, which has the same kind of kernel as the 
chromous ion, has also the same susceptibility, namely, 0.011. Ferric 
ion, with the same type of kernel as the manganous ion, has its sus- 
ceptibility namely, 0.015. (Cobaltic ion was found to have a much 
lower susceptibility than ferrous ion, but this was very likely due to 
the difficulty of preparing a pure cobaltic salt.) Such facts show very 
clearly that in these ions it is the type of kernel that determines the 
magnetic properties, and that the magnetic susceptibility is at a maxi- 
mum in the kernel which has five more electrons than are present in 
the kernel of argon. 

All of these facts-seem to warrant the assertion that in this first 
long period we are dealing with a group of elements many of which 
show the phenomenon of a variable kernel; and that in proceeding 
through the successive elements from scandium to zinc, ten electrons 
have been added to the kernel. ‘This is entirely in accordance with 
Bohr’s rule. We have seen that the kernel of the helium type has its 
first shell fully occupied by the pair of electrons which alone can be 
accoimmodated at this energy level. In the kernel of the neon type 
the second shell also contains its full quota of eight electrons, but in 
the kernel of the argon type, 2-8-8, the third shell contains only eight 
of the eighteen which that shell is capable of holding. Therefore we 
may conclude that, in passing through the transition group from scan- 
dium to zinc, the ten electrons which are added to the kernel complete 
the third shell of eighteen electrons, so that in krypton we have a 
kernel of the type 2-8-18-8. 


The Remaining Periods. 


The fourth atomic shell should be capable of holding thirty-two 
electrons, and we might expect the next long period, beginning with 
rubidium, to fill all these places. In fact, however, we find an almost 
exact duplication of the preceding period. Once more we pass through 
a series of transition elements, columbium being the first to show a 
variable kernel. Each of the four preceding elements, rubidium, stron- 
tium, yttrium and zirconium, gives but a single ion, and the compounds 
of these elements are colorless and have a low magnetic susceptibility. 
The succeeding elements behave very much like those of the first long 
period, and the final element xenon may be assigned the kernel structure, 
2-8-18-18-8. 

This kernel of the xenon type persists in the first members of the 
next period, namely, cesium, barium and lanthanum. In cerium we 
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come to the first element of variable kernel, and now we may assume 
that the electrons which are added to the kernel complete the fourth 
shell of thirty-two electrons. Such a process would involve no change 
in the valence shell from element to element, nor 1n the next inner 
shell, and would thus produce only subterranean changes in the atom. 
Thus we may account for the great similarity in the properties of the 
rare earths. 

The transition process may be assumed to be completed when the 
fourth shell has its full complement of thirty-two electrons, and the 
fifth shell eighteen of its possible fifty, so that the kernel of the noble 
gas, niton, which concludes this period, may be considered to have the 
structure 2-8-18-32-18-8. 

This is essentially the view of the composition of the inner shells 
which was proposed almost simultaneously by Bohr (1921), who con- 
sidered the spectroscopic behavior of the elements, and by Bury (1921) 
who considered their physico-chemical properties. It possesses much 
verisimilitude and furnishes unquestionably the best picture of the 
atomic kernel which our existing knowledge permits. Some things 
which still seem obscure will doubtless be clarified by further study of 
the ordinary and X-ray spectra of the elements, and of their magnetic 
properties and ionizing potentials. 

In the meantime it must be admitted that the problem is by no means 
completely solved. Both Bohr and Bury assume that the last frag- 
mentary period of the Mendeléeff table is a period of thirty-two ele- 
ments, but I have pointed out in a previous chapter that the properties 
of thorium and uranium indicate a far less resemblance to the preceding 
period of thirty-two than to the next preceding period of eighteen. 

Then again the cause of the stability of certain groups is not yet 
adequately explained. Presumably the relative energies of the several 
possible states will determine whether an electron will appear in the 
outer shell of an atom or enter one of the inner unfilled shells, but while 
we may grant that the numbers 2, 8, and 18 represent the maximum 
number of electrons which may enter the first, the second and the third 
shells of the atom, we have no indication as to why these same groups 
appear in unfilled shells. We still have no explanation for the ex- 
tremely significant fact that all of the rare gases (except helium) and - 
all the common elementary ions, such as S~, Cl-, K*, Batt and AI*** 
contain just eight electrons in the outermost shell. 

Neither have we any adequate explanation for the pairing of elec- 
trons which seems to characterize all the stable configurations of the 
kernel. The tendency to form pairs and the tendency to form groups 
of eight we shall find to be the essential features in the arrangement 
of valence electrons in compound molecules. 
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Chapter V. 


The Union of Atoms; the Modern 
Dualistic Theory. 


We have now obtained a view of the structure of the atom which, 
although perhaps incomplete or even erro1eous in some of its details, 
may safely be regarded as giving us in the main an adequate idea of the 
arrangement of electrons about the atomic nucleus. Our next task is 
to ascertain if possible the way in which two or more atoms combine 
with one another, and thus to obtain a similar intimate picture of the 
structure of the molecule. In short we must endeavor to interpret the 
great body of fact and hypothesis comprised in what is commonly, 
known as valence theory. 

As I have remarked in another place (1913), “There is always the 
danger in scientific work that some word or phrase will be used by 
different authors to express so many ideas and surmises that, unless 
redefined, it loses all real significance. Thus the term valence has been 
used in discussing a large number of ideas which have perhaps nothing 
more in common than the acceptance of Dalton’s law of multiple pro- 
portions. Even the conception of valence as an integral number has 
been abandoned by those who speak of ‘partial valence.’ ”’ 

However, to those who have been responsible for the great achieve- 
ments of structural organic chemistry, the idea of valence has not been 
ambiguous. { [he valence of an atom in an organic molecule represents 
the number of bonds which tie this atom to other atoms./ Moreover in 
the mind of the organic chemist the chemical bond is no mere abstrac- 
tion; it is a definite physical reality, a something which binds atom to 
atom. Although the nature of such a tie remained mysterious, yet the 
hypothesis of the bond was amply justified by the signal adequacy of 
the simple theory of molecular structure to which it gave rise. 

The great success of structural organic chemistry led to attempts 
to treat inorganic compounds in a similar manner, not always happily. 
I still have poignant remembrance of the distress which I and many 
others suffered some thirty years ago in a class in elementary chemistry, 
where we were obliged to memorize structural formule of a great 
number of inorganic compounds. [Even such substances as the ferri- 
cyanides and ferrocyanides were forced into the system, and bonds were 
drawn between the several atoms to comply with certain artificial rules, 
regardless of all chemical evidence. Such formule are now believed 
to be almost, if not entirely, devoid of scientific significance. 
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Such abuse of the structural formula inevitably led to a reaction 
which found its best expression in the publications of Werner. His 
“Neuere Anschauungen auf dem Gebiete der anorganischen Chemie” 
(1905) marked a new epoch in chemistry ; and in attempting to clarify 
the fundamental ideas of valence, there is no work to which I feel so 
much personal indebtedness as to this of Werner’s. While some of 
his theoretical conclusions have not proved convincing, he marshalled 
in a masterly manner a great array of facts which showed the incon- 
gruities into which chemists had been led by the existing structural 
formule of inorganic chemistry. 

Especially Werner called attention to the almost complete analogy 
between the union of an anhydride with water to give the oxygen 
acids, and the union of many halides with hydrogen halides to form the 
halogen acids. Thus the reaction H,O + SO; = H.SO, is analogous 
to the reactions HF + BF, = HBF, and 2HCl+ PtCl, = H.PtCle. 
Now sulfuric acid could be given the structural formula 


O 
Hg eae ae 
| 
O 


but no such bonded structure could be given for the two halogen acids. 
Therefore the latter were said to be molecular compounds. However, 
there is no such fundamental chemical difference between the two types 
as would warrant such a distinction, and I believe that anyone who 
reads all of the facts as assembled by Werner must admit that we must 
either assign to hydrofluoboric acid a structure not very unlike that of 
sulfuric, or dispense with structural formule altogether. 

The growth of such ideas and the success of the electrolytic dis- 
sociation theory of Arrhenius once more drew the attention of chemists 
away from the structural formula and directed it to the electric state 
of the atoms of a molecule. Thus there came into being what may be 
called the modern dualistic hypothesis. 

The older dualistic theory developed by Davy, and especially by 
Berzelius, was abandoned largely because it was discovered that the 
positive element, hydrogen, could be replaced in organic compounds 
by the negative element, chlorine, without producing any great change 
in the physical properties of the compound. But later measurements 
of electrical conductivity showed that, after all, acetic acid and trichlor- 
acetic acid are in some respects very different types, and that these 
differences are readily interpreted on the old assumption that chlorine 
has a far greater attraction for negative electricity than hydrogen has 

In the theory of Berzelius, electricity was regarded as a fluid which 
could flow to a greater or less extent from one atom to another, but 
the recognition of the atomic nature of electricity made it now seem 
necessary to assume that if the molecule is made up of charged atom 
each atom must have an excess or a deficiency of an integral nahahee 
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of electrons, as compared with the neutral state. Thus the modern 
dualistic theory regards chemical action as primarily due to the jump- 
ing of electrons from atoin to atom. 

The properties of electrolytes certainly point to such a separation 
of charges. If sodium and chlorine combine to form aqueous sodium 
chloride, the sodium atom definitely loses and the chlorine atom gains 
an electron. It seemed not unnatural to suppose that each molecule of 
undissociated sodium chloride might also contain the same charged 
particles, namely, sodium with one electron missing, and chlorine with 
one additional electron, held together by electric forces. The same 
theory might then be applied to hydrogen chloride, and then to water, 
and alcohol, and perhaps eventually to substances like methane and 
hydrogen. 

While the number of different ions which have been shown to exist 
at high concentrations in aqueous solution is limited, there are many 
other ions that can be shown to be present in small amount, and there 
are others which may he assumed to exist in minute amount in order 
to explain the behavior of various substances. Thus in a solution of 
sodium aluminate there is an extremely small but perfectly calculable 
concentration of aluminum ion. It might therefore seem reason- 
able to regard each aluminum atom, even in the aluminates, as in 
the same electrical condition, namely, with a positive charge of three 
units. 


In some similar cases the ions have not even been proved to exist, 
+++ 


but the hypothetical ion, Cr***, might be considered to represent the 
actual state of the chromium atom in chromic anhydride or the chro- 
mates. By the same method the electrical state of the sulfur atom would 


+++ 
be represented by S*** in sulfates, by S**** in sulfites, and by S-~ in 
sulfides. 

Now such a theory obviously gives a very simple interpretation of 
those processes in which a given element is said to be oxidized or 
reduced by a certain number of steps. Thus if manganous ion is 
oxidized to permanganate ion, it is said that manganese undergoes five 
units of oxidation, and some other atom or atoms must at the same 
time be reduced by five units. In the modern dualistic theory this 
simply means that the manganese atom changes in state from a defi- 
ciency of two electrons to a deficiency of seven, that is, from Mn** to 


+++ 
Mn‘***+, and that five electrons are taken up by other atoms. 

In all chemistry there is no concept which is more fundamental 
than this one of reduction and oxidation. Under the name of phlogis- 
tication and dephlogistication such processes were recognized even 
before the discovery of oxygen, and this mode of classifying chemical 
phenomena has ever since been regarded as one of the greatest utility. 
No one can doubt the desirability of placing in a class by themselves 
ammonia, alkyl amines and ammonium salts, in another class nitrogen 
trioxide, nitrous acid, and the nitrites, and in still another class nitrogen 
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pentoxide, nitric acid, and the nitrates. But the question remains as 
to whether such a classification is an absolute one. 

Convenient, and indeed necessary, as it is in the study of many 
chemical reactions, can iuis classification be applied without ambiguity 
to all chemical substances? If it can, it means that we may assign 
every atom in every compound to a definite oxidation-reduction stage, 
and this in turn, according to the electrical interpretation, implies a 
complete acceptance of the modern dualistic theory which ascribes to 
each atom in a compound an integral number of units of positive or 
negative charge. ; 

This number, positive or negative (or zero), intended to show the 
electrical state of each atom, has sometimes been called the positive or 
negative valence of the atom, but since these terms have also been used 
to represent the maximum positive or negative charge which the ele- 
ment can assume in a great variety of compounds, rather than the actual 
charge of the atom in a given compound, Bray and Branch (1913) 
proposed the better expression, polar number» Thus in ferrous sul- 
fate, FeSOx,, iron is assigned the polar number + 2, sulfur the polar 
number -++ 6, and each oxygen — 2. 

It is customary in works on inorganic chemistry to call ferric iron 
trivalent and ferrous iron bivalent. Now this phraseology is not only 
out of harmony with that of organic chemistry, but it is essentially 
bad in that it gives a number without a sign. Thus nitrogen would 
be said to be trivalent both in ammonia and in nitrous acid. In all 
cases where the polar number is to be indicated I propose a slightly 
different mode of expression. Let us say that nitrogen in ammonia 
is trimegative, and that it is tripositive in nitrous acid. So also let us 
say that iron is tripositive in ferric salts and bipositive in ferrous salts 

It is to be noted that these polar numbers may be convenient in a 
systematic treatment of chemical reactions, even if there is not that 
definite distribution of atomic charges required by the dualistic theory. 
To quote from my paper (1913) which was published with that of 
Bray and Branch, “Oxidation of an element means an increase of ‘its 
polar number, reduction means a decrease, and this simple system 
furnishes an adequate method of dealing with all cases of oxidation 
and reduction, It must be remarked, however, that on account of its 
very generality this system would apply equally well even if purely 
oe none one ae eae: were chosen, provided that the 
nt eae ioe eas wala sae of the ee of electricity 
sionally as solar and fictiti ; i paren se noe Hike 
oo polar, ctitious polar numbers may be assigned without 
ea De to any ore conclusions. 

et us consider a very interesting case cited by Bray and Branch 
a i eR ee oS neh es regarded as a derivative either 
hydroxyl group is replaced ce ar Secs acid in which one 
hydrogen is a eat : I : i a » (Db) sulfurous acid in which one 
Shee Aes : f phenyl, In accordance with assumption (a) 
gn to sulfur the polar number + 6 and to phenyl as a 
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whole the polar number —1. With assumption (b) we should give 
+ 4 as the polar number of sulfur and + 1 as that of phenyl. Now 
it is taken for granted by the dualists that on hydrolysis a positive radi- 
cal adds hydroxyl, and that a negative radical adds hydrogen. But 
when we apply this criterion to the case before us, we find that the 
substance hydrolyzes in acid solution to give benzene and sulfuric acid, 
but in a basic medium it gives phenol and sulfurous acid. It was 
shown by Bray and Branch that in order to preserve intact the idea 
that every atom must have a definite polar number, it would be neces- 
sary to assume the existence of two distinct tautomers in equilibrium 
with each other, namely, one with the polar numbers S,=-+ 4 and 
C,H; = -+- 1, and the other with S =-+-6 and.C,H, = — 1. 

However, in the papers by Bray and Branch and by myself which 
have just been cited, it was very definitely shown that many compounds 
give no evidence of that large separation of electric charge ,which is 
required by the modern dualistic theory, and indeed that there are many 
substances, of the type which we call non-polar, whose properties in- 
dicate little or no électric displacement within the molecule. The 
properties of a substance like sodium chloride differ so radically from 
those of a substance like molecular hydrogen that it seemed necessary 
to distinguish in degree if not in kind between the extremely polar and 
the relatively non-polar types, although I remarked that “It must not be 
assumed that any one compound corresponds wholly and at all times 
to either type.” 

The same idea was very forcefully advanced by J. J. Thomson 
(1914) who, in addition to a large amount of chemical evidence, ad- 
duced physical evidence based on experiments with positive rays and 
measurements of dielectric constant, to show the great difference 
between different substances as regards the degree of polarization, or, 
as he preferred to call it, “intramolecular ionization.” This was a 
radical departure from Thomson’s original view in which, in accord- 
ance with the views of Abegg, he assumed all chemical action to be due 
to the transference of electrons from one atom to another. This earlier 
view had given impetus to an attempt to apply the full theory of electro- 
chemical dualism to organic compounds. Numerous papers by Falk 
and Nelson (19ro), Fry (1911), and others developed the “electron 
conception of valence,’ and this theory still has vogue among many 
organic chemists, as may be seen from a recent interesting paper of 
Stieglitz (1922). It is to be borne in mind that the assumption em- 
ployed by these authors is no other than the assumption made by many 
inorganic chemists that each atom in a molecule exists in a definite 
oxidation-reduction stage which can be represented by an integral 
polar number. 

Falk and Nelson began their work by quoting from Thomson as 
follows: “For each valency bond established between two atoms the 
transference of one (negatively charged) corpuscle from the one atom 
to the other has taken place, the atom receiving the corpuscle acquiring 
a unit charge of negative electricity, the other by the loss of a corpuscle 
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acquiring a unit charge of positive. This electrical process may be 
represented by the producing of a unit tube of electric force between 
the two atoms, the tube starting from the positive and ending on the 
negative atom... . There is, however, one important difference be- 
tween the lines representing the bonds and the tubes of electric force: 
The lines used by the chemist are not supposed to have direction. . . . 
On the electrical theory, however, the tubes of electric force afe re- 
garded as having direction starting from the positive and ending on the 
negative atom. . . .” 

In order to express in the chemical formula the electrical transfer 
from one atom to another, Falk and Nelson drew an arrow pointing 
from the atom which had lost an electron to the atom which had gained 
one. Thus methane, in which each hydrogen atom was assumed to have 
a positive charge of 1 and the carbon atom to have a charge of —4; 
and carbon tetrachloride, in which each chlorine atom was assigned a 


charge of —1 and the carbon atom a charge of + 4, were repre- 
sented by 
H Cl 
v t 
H>~C<H cd<«cC->d 
t y 
I! CI 


So methyl alcohol would be represented as 


H 


y 
jal SIC Ss (Ove 15) 


t 
H 


It is evident that the arrows which tepresented the transfer of an 
acne were now being used as a substitute for the traditional organic 
ond. 

GRE ae are numerous objections to such a complete appli- 
cation of the dualistic theory to organic chemistr Onl 
these need be mentioned. ie Tea 
__ If the negatively charged chlorine atom in carbon tetrachloride is 
identical with the chloride ion which comes from electrolytes such 
as sodium chloride, it might be expected to exert a field of force 
extending in all directions, and to attract any positively charged 
atom, but there 1s nothing in the physical or chemical behavior of 
carbon tetrachloride to indicate such a state of affairs. Again, the 
arrow used by Falk and Nelson cannot represent a chemical bond 
unless it means something more than was stated by the authors (and 


by Th 
pre eaeee for as far as they state, the formula for methyl 
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. 
H->-cC-> Cd 


t 
H 


would merely indicate that each hydrogen has a positive charge, that 
the chlorine has a negative charge, and that the carbon atom has a 
charge of —2. But there is nothing in all this to show from which 
particular atom a given electron came. We do not think of an electron 
leaving a trail behind it, as a spider weaves its web, but if not, what is 
the significance of an arrow? 

One of the formulz proposed by Falk and Nelson for ethylene is 


H- — <-H 
They recognize the logical difficulty involved in such a formula when 
they write, “In thosé cases where one valence proceeds in one direc- 
tion and one in the other, it is assumed that the corpuscles which are 
transferred are localized on the atoms, as otherwise the carbon atoms 
would become electrically neutral.’ But even so we might as well 


indicate that a carbon atom has lost an electron in one part and gained 
an electron in another part by vertical arrows, as follows: 


H-> ea <-H 
H-> lhe 4 <—H 


Here, however, there is left no indication of a bond holding the two 
carbon atoms together. 

If we adopt the dualistic theory and regard the organic molecule 
as an assemblage of charged atoms, it would seem impossible to ac- 
count for the complex structures which often remain unchanged for 
long periods of time. We should rather expect such a structure to 
tumble into the particular aggregations which would represent the 
minimum of electrical energy. 

Finally it may be noted that the dualistic theory led to a prediction 
which has received no verification. W. A. Noyes (see Noyes and 
Lyon, 1901), who very early considered the possibility that an ele- 
mentary molecule might be of polar character, has for many years 
regarded nitrogen trichloride as a compound containing positive chlorine, 
namely, N--~(Cl*)3;. From the dualistic point of view, it was pre- 
dicted that an isomer of this compound might exist, namely, N**+*(Cl)s. 
For many years he has attempted: to obtain such isomers, but without 
success, and the failure of all similar attempts to obtain the isomers 
predicted by the dualistic theory indicates that there is something illusory 
in the object of such a quest. 

All of these excursions into the theory of valence seemed to lead 
but to an impasse. Thus the dualistic theory, while offering an ade- 
quate explanation of the nature of extremely polar substances, and 
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bringing into relief the electrochemical properties of the elements, 
proved incompetent to explain the chemical bond and the behavior of 
the relatively non-polar compounds, especially those of organic chem- 
istry. On the other hand, the pure structural theory gave complete 
satisfaction in the interpretation of the chief facts of organic chem- 
istry, but seemed little qualified to account for those phenomena of a 
highly polar type, culminating in the complete division of a molecule 
into charged ions. Finally the suggestion of two entirely distinct kinds 
of chemical union, one for polar and the other for non-polar com- 
pounds, was repugnant to that chemical instinct which leads so ir- 
resistibly to the belief that all types of chemical union are essentially 
one and the same. Already, however, there were some hints of the 
way out of this perplexing quandary. If the properties of substances 
could not be explained by the mere assumption of charged atoms, 
might they not be explicable if we should no longer regard the atom 
as a unit, but rather if we might ascertain where the charge or charges 
resided within the atom itself? 


Fic. 15—Two Overlapping Positive Spheres (Thomson). 


It was suggested by J. J. Thomson (1907) that two atoms might 
be conceived to be held together by electrical forces without electrical 
polarization. At that time he regarded the positive part of the atom 
as a sphere in which the electrons were imagined to be imbedded, and 
he considered the case of two spheres equal in size, overlapping one: 
another (Figure 15), with electrons situated symmetrically in the re- 
gion of overlapping. He says, “In this case there is no difference 
in the electrification of the spheres; we cannot say that one is positively 
the other negatively electrified ; and if the spheres were separated after 
having been together they would each be neutral. . . . We thus see 
that it is possible to have forces electrical in their origin binding the 
two systems together without a resulting charge on either system.” 

Thomson made no further use of this idea, and his view of the 
positive sphere has been superseded. Nevertheless, the suggestion 
that an understanding of chemical affinity must be sought in the 
localization of the charges within the atom itself contains the ger 
of the final successful explanation of the chemical bond pail: 

The first* to consider the valence electron as attracting simultane- 
ously the positive parts of two different atoms and thus becoming the 


*The idea of shared electrons was foreshadowed by Ramsay in 1908 
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agent which binds atoms together, was Stark, who developed this 
idea very extensively in his “Atomdynamik.” At first he con- 


Fic. 16.—Stark’s Model of the Carbon Monoxide Molecule. 


sidered an electron situated within one atom as sending lines of 
force to the positive part of that atom and also to the positive part 
of another atom. Later he allowed such an electron to move out part 


Fic. 17.—Stark’s Model of the Ammonia Molecule. 


way toward the second atom, and he usually regarded such an electron, 
situated somewhere between two atoms, as the equivalent of the chem- 
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ical bond. However, in two cases, namely in the union of carbon to 
carbon and of hydrogen to carbon, he regarded the chemical bond as 
due to two electrons which jointly tie atom to atom through their 
lines of force. Figures 16, 17, 18 and 19 show his pictures of the 
structure of carbon monoxide, ammonia, the carbon-carbon bond and 
the carbon-hydrogen bond. In the last two illustrations we see the 


Fic. 18.—Stark’s Model of the Carbon-Carbon Bond. 


first suggestion of an idea which, as we are going to show in the next 
chapter, furnishes an extraordinarily simple explanation of the chem- 
ical bond, and completely reconciles the divergent views of the 
structural and the dualistic theories. 

Bohr (1913 II), extending his theory of the atom to systems con- 


Fic. 19.—Stark’s Model of the Carbon-Hydrogen Bond. 


taining more than one atom, thought of a chemical bond as a ring 
of electrons circulating in an orbit with its plane perpendicular to 
the line joining the atomic centers. Thus he says, “Such considera- 
tions suggest a possible configuration for a water molecule, consisting 
of an oxygen nucleus surrounded by a small ring of four electrons 
and two hydrogen nuclei, situated on the axis of the ring at equal 
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distances apart from the first nucleus, and kept in equilibrium by help 
of two rings of greater radius, each containing three electrons. .. .” 
Fach of these rings of three electrons represented a bond. When, 
however he considered molecular hydrogen and methane he concluded 
that there are two electrons in the ring which constitutes the bond, and 
thus obtained a picture not unlike that of Stark. 

Kossel (1916) employed models of molecules having rings of 
electrons common to two atoms. Figure 20 shows his picture of the 
nitrogen molecule. 


Fic. 20.—Kossel’s Model of the Nitrogen Molecule. 


Parson (1915) assumed three distinct types of chemical union. 
One of these types involved a pair of electrons acting jointly to hold 
two atoms together, as is shown on the right-hand portion of Figure 21, 
which reproduces his picture of the hydrogen molecule. On the other 
hand, he assumes a far more complicated process in the union of 
two atoms of chlorine, as is shown in the left-hand part of the figure, 
where the dots represent valence electrons and the shaded circles rep- 


He 
Fic. 21.—Parson’s Models of the Chlorine and Hydrogen Molecules. 


resent groups of eight (some of these groups of eight stand for what 
we now call inner shells). 

Thus we see that these authors from very different points of de- 
parture arrive at the same conclusion, namely, that two atoms are 
held together by groups of electrons held in common by the two 
atoms. Moreover each of these authors occasionally considers that 


78 VALENCE AND THE STRUCTURE OF ATOMS AND MOLECULES 


the group of bonding electrons is a group of two, but this was not 
regarded by any of them as an essential feature of chemical union. 
We are going to see in the next chapter how far-reaching are the 
consequences of the simple assumption that the chemical bond is at 
all times and in all molecules merely a pair of electrons held jointly 
by two atoms. 


Chapter VI. 
The New Theory of Valence; the Chemical Bond. 


At the close of the last chapter we traced the germination of 
the concept of electrons held in common by two atoms. It is this 
concept which is going to permit us to harmonize those two main 
theories of chemical union which formerly seemed so incompatible with 
one another. In developing this thesis we must now consider the new 
and somewhat revolutionary ideas regarding valence which were ad- 
vanced in my paper of 1916 on “The Atom and the Molecule.” 

We have already noted the preponderating tendency of every atom 
toward an arrangement of electrons with eight in the outermost shell. 
This arrangement of outer electrons, which Parson and I called the 
“group of eight,’ and which has since been more tersely expressed 
by Langmuir as the “octet,” is attained when atoms lose or—gain 
electrons to form ions. 

So when calcium and chlorine unite, the calcium atom by giving 
off two electrons, and each chlorine atom by acquiring one electron, 
assume the ionic state in which each atom has the group of eight in its 
outermost shell. However, we have seen that the assumption of such 
ionizations as a necessary accompaniment to all chemical combinations, 
even if it is assumed to be only “intramolecular” ionization, leads to 
conclusions which are not reconcilable with the facts of chemistry. 

The new theory, which includes the possibility of complete ionization 
as a special case, may be given definite expression as follows: Two 
atoms may conform to the rule of eight, or the octet rule, not only 
by the transfer of electrons from one atom to another, but also by 
sharing one or more pairs of electrons. These electrons which are 
held in common by two atoms may be considered to belong to the 
outer shells of both atoms. 


The Pairing of Electrons. 


The discovery that those electrons which are held jointly by two 
atoms always occur in pairs led to the realization that the “rule of two” 
is even more fundamental than the “rule of eight.” We see at the 
beginning of the periodic table that helium with its pair of electrons 
has the same qualities of stability that characterize the remaining rare 
gases which possess outer octets. Hydrogen may form hydrogen ion 
with no electrons, it may form hydride ion by adding one electron 
and thus completing the stable pair, or finally two hydrogen atoms 
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may unite to form the hydrogen molecule, in which each atom shares 
with the other this stable pair of electrons. 

I called particular attention to the remarkable fact that when yi 
count up the electrons which are comprised in the valence shells e 
various types of molecules, we find that of some hundred thousan 
known substances all but a handful contain an even number of such 
electrons. It is therefore an almost universal rule that the number 
of valence electrons in a molecule is a multiple of two. 

Certain metallic vapors which are produced at high temperatures 
are exceptions to this rule. Other exceptions which are found at 
high temperatures are the monatomic forms of hydrogen and the 
halogens, while at ordinary temperatures we have nitric oxide, nitrogen 
dioxide and chlorine dioxide, with 11, 17, and 19 valence electrons. 

Such molecules which contain an uneven number of valence electrons, 
and which therefore depart from the simple rule of two, I called odd 
molecules. Until a few years ago, the above mentioned substances 
were the only ones of known molecular weight which were proved 
to have odd molecules. Gomberg (1900) discovered a type of odd 
molecule in triphenylmethyl, and many similar compounds of tri- 
valent carbon have since then been obtained. Analogous compounds 
of bivalent nitrogen were obtained by Wieland (1911, 1914), who 
also isolated the interesting substance (CsH;),NO. By analogy I 
suggested (1916 II) that corresponding compounds of univalent oxy- 
gen might be prepared, and investigation has shown that such com- 
pounds probably occur, although their existence has not yet been 
fully demonstrated. 

These odd molecules which form an exception to the rule of two 
may be said in the best sense of the old adage to prove that rule, for 
they form a class of substances with very singular properties. With 
the exception of nitric oxide, every one absorbs light in the visible 
part of the spectrum, and most of them are intensely colored. In 
so far as they have been investigated, they prove to be highly para- 
magnetic. They are very reactive and attach themselves to a great 
variety of substances. Even a substance so little prone to forming 
addition compounds as hexane, forms a compound with triphenylmethyl. 

These odd molecules show a great tendency to combine with other 
like or unlike odd molecules to form molecules with an even number 
of electrons, such as I,, ICl, (@sC)I, (@sC)(Nq@.), (pC), (NOz)2 
(where @ represents a phenyl or other aryl group). The resulting 
compounds are usually, though not always, colorless. They do not 
show the properties indicative of very great “unsaturation” which 
characterize the odd molecules. 

_ Under other circumstances, and especially in a highly polar en- 
vironment, instead of a combination of two odd molecules, one loses 
and the other gains an electron, thus forming the ions with an even 
number of electrons. Thus pure molten iodine conducts the cur- 
rent, indicating the existence of such ions as It and I. The conductivity 
of triphenylmethyl dissolved in liquid sulfur dioxide is presumably 
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due to the ions @,C* and @sC’. Chlorine dioxide dissolves in water 
to some extent to give chlorous and chloric acid. Similarly nitrogen 
dioxide gives nitrous and nitric acids, and even pure liquid nitrogen 
tetroxide conducts the current, thus indicating the existence of the 
1ons NO,* and NO,-. 

If we could isolate other radicals, such for example as the methyl 
radical, the peculiarities of odd molecules which we have noted would 
become even more pronounced. The fact that the few odd molecules 
which have been studied can be isolated at all shows that they pos- 
sess to a minimum degree the properties which would be exhibited by 
free radicals in general. 

The simplest explanation of the predominant occurrence of an 
even number of electrons in the valence shells of molecules is that the 
electrons are definitely paired with one another. We have suspected 
such a pairing in the inner shells, and even in the nucleus itself, though 
that was but a conjecture. The evidence of the pairing of electrons in 
the valence shell of the typical molecule amounts very nearly to proof. 
When the gas NO, polymerizes to form the gas N.O,, it loses altogether 
its brilliant color and all the other properties which are characteristic 
of the odd molecule. The single molecules show all of the prop- 
erties which we ascribe to a loosely bound electron. In forming the 
double molecule it seems as though the two odd electrons had been 
suddenly clamped together by some mechanism. 

It is to be supposed that this tendency to form pairs is not a prop- 
erty of free electrons, but rather that it is a property of electrons within 
the atom. Even within the atom it is not necessary to assume that 
electrons always exhibit this phenomenon. For example, in the metals 
of the iron group some of the electrons which seem to be in a con- 
diction of great mobility show no evidence of pairing. In nearly 
all molecules, however, we must consider the electrons as definitely 
grouped in pairs. In my first theory of the atom I represented the 
normal group of eight electrons by a cube with an electron at each 
corner, but the idea that electrons are coupled leads rather to the view 
that the stable octet is to be represented rather as a tetrahedron with 
a pair of electrons at each corner. 

The production of a typical electron pair seems to produce and 
to be indicated by a state of stability in which electrons are firmly 
bound. We have agreed to consider the electron within the atom as 
synonymous with the electron orbit or elementary magnet. The pair- 
ing of electrons can therefore be regarded as equivalent to a conjuga- 
tion of two such orbits acccmpanied by the neutralization of their 
magnetic fields and the elimination of magnetic moment. We shall 
later have opportunity to discuss these questions further. 


The Bond. 


Two electrons thus coupled together, when lying between two 
atomic centers, and held jointly in the shells of the two atoms, I have 


] 
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considered to be the chemical bond. We thus have a concrete picture 
of that physical entity, that “hook and eye,” which is part of the 
creed of the organic chemist. ; ; 

When two atoms of hydrogen join to form the diatomic molecule, 
each furnishes one electron of the pair which constitutes the bond. 
Representing each valence electron by a dot, we may therefore write 
as the graphical formula of hydrogen H:H. So when the atom of 
hydrogen with its one electron unites with the atom of chlorime with 


its seven electrons, they produce the molecule represented by H: Cl: b 


Two chlorine atoms form the molecule : Ch Cl: : 


To represent the complete structure of the chlorine molecule with 
its two nuclei and its thirty-four electrons we might draw such a pic- 
ture as that shown in Figure 22. However, such a two-dimensional 
representation cannot adequately show the spatial configuration of 
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Fic. 22—-The Arrangement of Electrons in the Chlorine Molecule. (The 
Large Circles Represent the Valence Electrons.) 


the molecule, nor can we yet locate with any degree of finality the 
electrons which compose the atomic kernels. We may be sure, how- 
ever, that each of the outer shells should be represented by a pair of 
electrons at each corner of a tetrahedron. Such a tetrahedron would 
ordinarly be regular only in the case of a symmetrical atom like that 
of carbon in methane, or carbon tetrachloride, 


HeCyH :C1:C:Cl:. 
ii ce 


It will, however, only rarely be expedient to indicate in the simple 
graphical formula any distortion of the octet, although we may assume 
that it often occurs. Moreover, we must constantly bear in mind, 
as in the case of ordinary formule of organic chemistry, that our two- 
dimensional representation fails to represent the true stereochemistry 


of the molecule. ‘Thus at first sight the formula for water, H:@2H; 
appears symmetrical, although we really regard the two hydrogens as 
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not symmetrically placed with respect to oxygen, but rather at two 
corners of a more or less distorted tetrahedron. This conclusion 
has also been drawn from the properties of liquid crystals by Vorlander 
(1922). 

By means of this simple assumption, that the chemical bond is a 
pair of electrons held jointly by two atoms, I showed how the various 
types of molecules “ranging from the extremely polar to the extremely 
nonpolar” could be interpreted. Quoting from my former paper, 
“Great as the difference is between the typical polar and nonpolar 
substances, we may show how a single molecule may, according to 
its environment, pass from the extreme polar to the extreme non- 
polar form, not per saltum, but by imperceptible gradations, as soon 
as we admit that an electron may be the common property of two 
atomic shells.” Whether the phrase “imperceptible gradations” is 
strictly accurate we shall discuss later. 

The pair of electrons which constitutes the bond may lie between 
two atomic centers in such a position that there is no electric polariza- 
tion, or it may be shifted toward one or the other atom in order to give 
to that atom a negative, and consequently to the other atom a positive 
charge. But we can no longer speak of any atom as having an 
integral number of units of charge, except in the case where one atom 
takes exclusive possession of the bonding pair, and forms an ion. 

For example we may suppose that the normal state of the hydrogen 
molecule is one in which the electron pair is symmetrically placed be- 
tween the two atoms. In sodium hydride, on the other hand, we may 
regard the bonding pair as lying nearer to the hydrogen than to the 
sodium, making the hydrogen negative; while in hydrochloric acid 
the bond is shifted toward the chlorine, leaving the hydrogen with a 
positive charge. In the presence of a polar solvent the chlorine 
assumes full possession of the bonding pair, and we have complete 
ionization. I attempted to represent these displacements of electrons 
by such formulz as 


H:H, Na :H, H :Ch:, Bada reel 


Even a symmetrical molecule like that of H, or I, may from time 
to time become polarized in one direction or the other, as a con- 
sequence of the disturbance due to thermal motion. When iodine 
vapor is heated to a high temperature the molecule breaks in such a 
way as to sever the bonding pair, and forms two uncharged iodine 
atoms. On the other hand, in liquid iodine a few of the molecules 
break apart in another manner. The bonding pair remains intact 
but remains the exclusive property of one atom, forming I* and I-. 
Thes two types of dissociation may be represented as follows: 


SPelpgeee th: boo 12; Sriear eet tt 


In other molecules some displacement of electrons may occur without 
full ionization, thus making the molecule more or less polar. 
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Bromine, chlorine, fluorine and hydrogen, in the order named, show 
a diminishing tendency toward either of the above types of dissociation. 
We say that the bond in the iodine molecule is looser than the bond 
in the chlorine molecule. We also say that iodine is a more polar sub- 
stance than bromine. 

The two ideas are not synonymous, but as a rule the molecule is 
less polar the tighter the bond. Professor Branch has called my 
attention to a certain ambiguity in this regard. When we speak of a 
polar substance or a polar molecule we imply either that the molecules 
are largely polarized, or that they are readily capable of polarization. 
In_other words, we imply that the bonding pair is either displaced in 
one direction or the other, or that it is easily displaceable, in which 
case we may say that the pair is mobile. The two things ordinarily 
go together, but this is not invariably so. The molecule of sodium 
chloride is highly polarized, but the electron pair is so tightly held 
by the chlorine atom as to possess little mobility. 

Let me quote again from my paper. “Let us turn now to a prob- 
lem in the solution of which the theory which I am presenting shows its 
greatest serviceability. The electrochemical theories of Davy and 
Berzelius were overshadowed by the ‘valence’ theory when the attention 
of chemists was largely drawn to the nonpolar substances of organic 
chemistry. Of late the electrochemical theories have come once more 
into prominence, but there has always been that antagonism between 
the two views which invariably results when two rival theories are 
mutually exclusive, while both contain certain elements of truth. In- 
deed we may now see that with the interpretation which we are now 
employing the two theories need not be mutually exclusive, but rather 
complement one another, for the ‘valence’ theory, which is the classical 
basis of structural organic chemistry, deals with the fundamental struc- 
ture of the molecule, while electrochemical considerations show the 
influence of positive and negative groups in minor distortions of the 
fundamental form. Let us consider once for all that by a negative 
element or radical we mean one which tends to draw toward itself the 
electron pairs which constitute the outer shells of all neighboring atoms, 
and that an electropositive group is one that attracts to a less extent, or 
repels, these electrons. In the majority of carbon compounds there 
is very little of that separation of the charges which gives a com- 
pound a polar character, although certain groups, such as hydroxyl 
as well as those containing multiple bonds, not only themselves pos- 
sess a decidedly polar character,. but increase, according to principles 
already discussed, the polar character of all neighboring parts of the 
molecule. However, in such molecules as methane and carbon tetra- 
chloride, instead of assuming, as in some current theory, that four 
electrons have definitely left hydrogen for carbon in the first case 
and carbon for chlorine in the second we shall consider that in 
methane there is a slight movement of the charges toward the carbon 
so that the carbon is slightly charged negatively, and that in carbon 
tetrachloride they are slightly shifted toward the chlorine, leaving the 
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carbon somewhat positive. We must remember that here also we 
are dealing with averages, and that in a few out of many molecules 
of methane the hydrogen may be negatively charged and the carbon 
positively. 

“In a substance like water the electrons are drawn in from hydrogen 
to oxygen and we have in the limiting case a certain number of 
hydrogen atoms which are completely separated as hydrogen ion. The 
amount of separation of one of the hydrogen atoms and therefore the 
degree of ionization will change very greatly when the other hydrogen 
atom is substituted by a positive or negative group. As a familiar 
example we may consider acetic acid, in which one hydrogen is re- 
placed by chlorine, H,CICCOOH. The electrons, being drawn toward 
the chlorine, permit the pair of electrons joining the methyl and carboxyl 
groups to approach nearer to the methyl carbon. This pair of electrons, 
exercising therefore a smaller repulsion upon the other electrons of 
the hydroxyl oxygen, permit these also to shift in the same direction. 
In other words, all the electrons move toward the left, producing a 
greater separation ofthe electrons from the hydrogen of the hydroxyl, 
and thus a stronger acid. This simple explanation is applicable to a 
vast number of individual cases. It need only be borne in mind that 
although the effect of such a displacement of electrons at one end of 
a chain proceeds throughout the whole chain, it becomes less marked 
the greater the distance, and the more rigid the constraints which hold 
the electrons in the intervening atoms.” 

We have already commented on the interesting substance 
C,H;SO,0H which sometimes hydrolyzes to give phenol and some- 
times to give benzene. It is no longer necessary to consider this sub- 
stance as a mixture of two tautomeric forms, in one of which the phenyl 
group has a unit positive charge, and in the other of which it has a 
unit negative charge, for when we write the formula as follows: 


ee. 
Pie HS, 
on: 


we see that the bonding pair between phenyl and sulfur may be shifted 
toward the one or the other, and when the molecule is broken at this 
point, the phenyl group, if it retains possession of the bonding pair, 
will combine with hydrogen ion, but if it loses possession af the bond- 
ing pair will combine with hydroxyl ion. 

So also in the case of nitrogen trichloride it is unnecessary to 
assume the existence of two distinct forms. Rather we must con- 
sider that the bonding pairs between nitrogen and chlorine may occupy 
many positions at varying distances from the nitrogen to the chlorine 
atoms. All these possibilities are comprised in the formula 


Cb 
:Cl1:N:Cl: ; 
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These remarks will suffice for the present to show how the pair 
theory of the chemical bond retains every essential feature of the valence 
theory which has proved so valuable in the interpretation of organic 
chemistry, while it also interprets the electrochemical properties of 
the molecule. The determination of the degree of displacement of 
electron pairs toward this or that atom is left as a subject for fur- 
ther investigation. We have remarked that the present theory includes 
as an extreme case the modern dualistic theory; but while that theory 
required the several electrons to be in all cases the exclusive property 
of one atom or another, the new theory regards this complete separation 
of charges as occurring only in some molecules under some conditions. 


Other Features of the New Valence Theory. 


In addition to furnishing an explanation of the single bond, and 
of the double and triple bonds which will be discussed in the next 
chapter, the new theory which I[ presented makes several other important 
changes in our ideas of valence. 

It had always been supposed that the atom of oxygen in every 
one of its compounds is tied to another atom or atoms by two bonds. 
In applying the new idea of the bonding pair of electrons it became 
evident that many of the difficulties of the old-fashioned graphical 
formula, such as Werner pointed out, were at once dispelled if oxygen 
in many of its compounds, and especially in the oxygen acids, were 
assigned a single bond. In this way the artificial distinction which 
had previously been made between the oxygen acids and the halogen 
acids disappeared. This I showed by writing the following formulz 
for the ions of some of the ortho-acids, 


eae i :O: = 
-O:C1:0: 2@ . 86 3 
Rass ib ae | 
oh eo te 
:O3E sO: SO. Sor 
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One is struck by the resemblance between these formula and those 
which we must assign to osmium tetroxide, the ion of hydrofluoboric 
acid, and carbon tetrachloride, namely, 


OOS Os SH Bikes Cle Gate 
:O: ap as Meer 
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It was evident from these and similar formule that in a large num- 
ber of elements there is a preponderating tendency for the atom to 
combine with four other atoms. Thus, giving similar formule to 
ammonium ion and to methane, 


H a5 H 
1 be a He: @ oid 
H H 


I stated that “when ammonium ion combines with chloride ion the 
latter is not attached directly to the nitrogen, but is held simply through 
electric forces by the ammonium ion.” Indeed it seems probable that 
the nitrogen atom is never attached to other atoms by more than four 
bonds. The new symmetrical formula for ammonium ion, and the 
corresponding formule for the substituted ammonium compounds, are 
in complete accord with the stereochemical and other properties of 
nitrogen compounds discussed by Werner. 

These features of the new theory will be more fully discussed in 
later chapters., In my original paper I contented myself with a brief 
description of the main results of the theory, intending at a later time 
to present in a more detailed manner the various facts of chemistry 
which made necessary these radical departures from the older valence 
theory. This plan, however, was interrupted by the exigencies of war, 
and in the meantime the task was performed, with far greater suc- 
cess than I could have achieved, by Dr. Irving Langmuir in a brilliant 
series of some twelve articles, and in a large number of lectures given 
in this country and abroad. It is largely through these papers and 
addresses that the theory has received the wide attention of scientists. 

It has been a cause of much satisfaction to me to find that in 
the course of this series of applications of the new theory, conducted 
with the greatest acumen, Dr. Langmuir has not been obliged to change 
the theory which I advanced. Here and there he has been tempted 
to regard certain rules or tendencies as more universal in their scope 
than I considered them in my paper, or than I now consider them, 
but these questions we shall have a later opportunity to discuss. The 
theory has been designated in some quarters as the Lewis-Langmuir 
theory, which would imply some sort of collaboration. As a matter 
of fact Dr. Langmuir’s work has been entirely independent, and such 
additions as he has made to what was stated or implied in my paper 
should be credited to him alone. 


Ghaptera vill: 
Double and Triple Bonds. 


We have seen that the normal state of a molecule is one in which 
each atom of hydrogen has its stable pair of electrons, and each other 
atom has its stable group of eight. We have seen further that in 
many molecules this result is attained when two atoms share between 
them the pair of electrons which we have called the chemical bond. 
There are many cases, however, in which this process of forming 
single bonding pairs does not suffice to complete the stable shells 
of the several atoms. Thus for example the atom of oxygen has but 
six valence electrons, and even if two atoms share an electron pair 
this does not suffice for the completion of two octets. On the other 
hand, if two pairs of electrons are shared, then each atom can be said 
to have its group of eight. 

We therefore visualize such a union by considering each atom 
the center of four electron pairs arranged at the corners of tetrahedra, 
the two tetrahedra being joined at the two apices. Such a spatial 
arrangement cannot very well be represented in ordinary type, and for 
convenience we employ a more schematic representation of the molecule, 
namely, 2 ©) =: Oa: 

This theory is in complete accord with the conventional theory of 
the double bond as it has been employed in the development of struc- 
tural organic chemistry. Neither in the old nor in the new theory 
is the double bond to be regarded as in any sense the equivalent of 
two single honds. Organic chemists speak of compounds possessing 
the double bond as unsaturated, and this term implies much more than 
a failure to comply with the simplest of valence rules. Unsaturation 
connotes a set of properties, all of which indicate a looseness of struc- 
ture and lack of stability. Unsaturated substances as a class are char- 
acterized by a high degree of reactivity, by their tendency to change 
into saturated substances through a rearrangement or through the 
addition of other substances, and often by the existence of color, The 
state of unsaturation in a molecule is often manifested by a tendency 
to form loose complexes with other molecules. When 
unsaturated with saturated hydrocarb the: ea 
Re eae » hen Sac note that the former 

y to torm such complexes; thus a substance 
recrystallized from an unsaturated hydrocarbon frequently carries with 
it solvent of crystallization. The unsaturated substances are sometimes 
said to possess residual affinity. a 
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All of the characteristic properties of unsaturated substances in- 
dicate that the electrons have not fallen into those positions of symmetry 
and low energy that they seem to occupy in saturated types. One 
of the most remarkable properties of ordinary oxygen is its pro- 
nounced paramagnetism. This unquestionably is connected in some 
very intimate manner with the unsaturated state of the oxygen molecule ; 
the double bond does not seem to afford that conjugation of electrons 
(considered as orbits or magnets) which leads to the self-contained 
magnetic system existing in saturated molecules. 

Ethylene is the typical unsaturated organic compound, and to it 


H 
He Gr Ger 
to the formula we have assigned to diatomic oxygen. Indeed there 
is much resemblance between these two substances. While the sat- 
urated compounds of organic chemistry are invariably diamagnetic, 
ethylene is distinctly paramagnetic, and the ethylene bond in any more 
complicated molecule diminishes the diamagnetism. 

Also in their chemical reactions the two substances resemble one 
another. It is usually assumed that at ordinary temperatures sub- 
stances oxidize first to form a peroxide. Thus hydrogen set free in 
the presence of oxygen forms hydrogen peroxide, and substances of 
the type of triphenylmethyl immediately combine with atmospheric 
oxygen to produce the corresponding peroxides. Such a process may 
be regarded as a breaking of one part of the double bond, and the 
phenomenon is entirely analogous to the addition of hydrogen or 
bromine to ethylene. In these reactions oxygen and ethylene be- 
have almost as though they had structures represented by the formule, 


H-H 
GPT Opes je ee Ce Bal Se 


in which the molecules are not odd molecules, but each atom is an odd 
atom, in the sense that it has an unpaired electron. It must not be 
supposed, however, that such formule are- anything else than gross ex- 
aggerations of the state of affairs which is associated with the double 
bond. Perhaps they represent extreme states which may occasionally 
be attained by a few molecules. 

The properties of unsaturated organic substances have proved 
to be in very good accord with the “strain theory” proposed by Baeyer 
(1895). According to this theory, a bond tends to lie in a straight 
line joining atom to atom, and the directions of the four bonds emanat- 
ing from a single carbon atom are those determined by tetrahedral 
symmetry. Whenever the bonds are forced out of these positions there 
is supposed to be a state of strain which manifests itself through in- 
stability and the general characteristics of unsaturation. 

According to this idea it is possible to form a ring of five or six 
atoms without producing appreciable strain, but rings of three and 
four members require a considerable distortion of the bonds. In fact 


we may assign the formula which is entirely analogous 
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ring-compounds such as tetramethylene and trimethylene have many 
of the characteristics of unsaturated compounds. In the ring of two 
members, in other words in the double bond, the effect reaches a 

m. : : 
aise in my paper of 1916 that the precise equivalent of this 
;dea is obtained in terms of the new theory “if we make the simple 
assumption that all atomic kernels repel one another, and that molecules 
are held together only by the pairs of electrons which are held jointly 
by the component atoms. Thus two carbon atoms with a single bond 
strive to keep their kernels as far apart as possible, and this condition 
is met when the adjoining corners of the two tetrahedra lie in the 
line joining the centers of the tetrahedra.” Furthermore, if a carbon 
kernel is attached to four like kernels, these four by their mutual 
repulsion will assume the form of tetrahedral symmetry. 

However we choose to visualize this condition of strain, it is evi- 
dent that, when two atoms attempt to share not one electron pair but 
two, the molecule does not settle into an inert condition of high stability 
and low electron mobility, but rather that the system adjusts itself as 
it best may under the circumstances, and that in this adjustment either 
one or both of the bonding pairs remains in a state in which the electrons 
are neither tightly held nor capable of forming with each other a self- 
contained magnetic system. Nor can we conclude that this condition 
is confined to the two pairs of electrons which are supposed to con- 
stitute the double bond. The properties of such molecules show very 
clearly that the remaining bonds are also affected in similar manner, as 
though their electrons were also drawn away from their positions of 
greatest stability and rendered more mobile. 

Thus the various phenomena which indicate the breaking of a bond— 
such phenomena as the disruption of a molecule or the rearrangement 
of radicals—almost invariably occur in the neighborhood of such a 
seat of unsaturation. If not as an accurate scientific analogy, at least 
as a metaphor, we may liken the phenomenon to the result of a strain 
applied to some portion of a mechanical system of elastic bodies. Other 
portions of the system then yield in such a manner as to reduce the 
strain at the first point and distribute it more evenly throughout the 
system. This process continues until some portion of the system 
of greater rigidity, fails to take part in, or communicate further. the 
general yielding movement. So in an organic molecule a condition 
of strain produced in one atom may communicate itself through a 
chain of atoms, provided that these all have mobile bonds, but the 
effect ordinarily is greatly diminished when an atom of the ‘saturated 
type is reached, that is, an atom of rigid bonds. Thus the whole benzene 
ring may be considered to be in a state of considerable mobility, but 
the benzyl radical, CoHsCHs,’ behaves like a methyl radical. 

One of the most interesting types of unsaturated molecule is one 
which contains the so-called conjugated double bonds of the t 
—C=C—C=C—, —C=C— C= 0. In suchisyster the cons 
dition of unsaturation seems not to be localized at the two double 
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bonds, but seems to be shared by that part of the molecule where the 
ordinary formula indicates the existence of a single bond. This process 
of conjugation, whatever it may be, appears to diminish the unsatura- 
tion and to increase the stability of the molecule as a whole. Thus 
we find that when a B-y- unsaturated acid is heated with a base 
the double bond shifts to the a-§8- position as follows: 


ae ee —— (CH, — CH = CH. COOH, 


k b k ( 


. When such a conjugated molecule undergoes addition, the two 
added radicals do not nécessarily enter on the two sides of a double 
bond, but more frequently the addition occurs in the 1 - 4 position as 
follows: 
hReaGh — CH CH=>CH=]|R LXY => 
Ro CUX — CH= CH — CHY — R: 


The explanation of “partial valence” given by Thiele (1899) can best 
be translated into the terms of the present theory by assuming such 
a molecule as the following with four unpaired electrons: 


ng 5 gees ae | 
ig LN OL OCIS Cer. Ohm + 
But here again we must regard such a formula as a highly exaggerated 
representation, or as a representation of an extreme state of the 
molecule which only occasionally occurs. 
A quite different explanation of the conjugated system may be 
obtained by considering the arrangement of the atoms in space. This 


theory, which was first advanced by Erlenmeyer (1901), has been once 
more brought forward by Huggins (1922), who has developed a 


<p 
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Fic. 23.—Conjugated Double Bonds (Huggins). 


number of interesting ideas of organic structure on the basis of the 
new theory of valence. In Figure 23, A represents the ordinary formula 
of a conjugated system, while B is the picture suggested by Huggins. 
The carbon atoms are represented by tetrahedra, the circles showing 
the positions of electron pairs. 

It is an essential part of Huggins’ theory that a pair of electrons 
in an unstable condition attracts another similar pair (in such man- 
ner, we may suppose, as to diminish mutually their unsaturation, or 
to neutralize their magnetic fields). Therefore two electron pairs, one 
from each double bond, approach one another until they come to- 
gether as in configuration B, in which the distinction between the single 
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and the double bonds has been obliterated. In an addition reaction 
the two outer atoms may now be attacked, leaving the double bond 
between the two center atoms, as shown in configuration C. 

In accordance with our present theory, it is to be noted that the 
tetrahedra have no significance except in so far as their corners rep- 
resent the situation of electron pairs. The positions of the atomic 
kernels are not indicated, and it seems to me that if we are to adopt 
such a picture of a conjugated system we might well assume that in 
such a structure these kernels are pushed out toward the periphery, 
so that the outermost bonding pairs (being brought nearer into line 
with the atomic centers) possess more nearly the properties of the 
single bond. The greater part of the condition of unsaturation 1s 
then localized at the center of the molecule. There also it is possible 
that the condition of unsaturation may be largely diminished if we 
are willing to admit that two or mote unstable bonding pairs, when 
brought together, tend to neutralize mutually their states of unsaturation. 

(We are speaking in vague terms, and although we shall attempt 
to clarify our ideas somewhat in a later chapter, it seems at present 
impossible to give very precise definition to the ideas which we express 
in the term unsaturation. But we apparently imply that a pair of 
electrons which is unable to reach its normal or stable position is the 
center of a field of force or “residual affinity” which extends from 
the atom. It would perhaps be premature. to assume that this field 


Sa 


Fic. 24.—Huggins’ Model of the Benzene Molecule. 


is a magnetic field in the ordinary sense of the term, but it seems to 
have the general characteristics of such a field, and to be present 
under circumstances in which experiments indicate that the molecule 
possesses a magnetic system whose field is not entirely self-contained 
or self-neutralized. So it is interesting to note that Pascal (1912) 
finds systems containing conjugated double bonds more diamagnetic 
than systems containing the same atoms and the same number of double 
bonds, but unconjugated. This seems to show that there. is some 
process associated with conjugation which diminishes the degree of 
unsaturation. ) 

Such views of molecular structure are especially to be judged by 
theit success in interpreting the behavior of the symmetrically con- 
jugated system of benzene. Here Huggins employs a model of the 
type first suggested by Korner in 1874. It is represented in Figure 24. 
In this configuration there are three pairs of electrons concentrated at 
the center of the ring, and if we assume as before that the outer 
bonding pairs possess nearly the properties of single bonds, we have 
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a picture which goes far toward portraying the benzene molecule 
as we know it. We must look to further experiments, especially on 
the possibilities of isomerism in substituted benzene, to determine 
whether such a configuration is admissible. 

It is evident that these models of conjugated systems do not at 
all conform to the Baeyer strain theory (although it is to be noted 
that Baeyer himself proposed a benzene structure similar to that 
shown in Figure 24). Perhaps it could be assumed that as the 
bonds are distorted from their normal position a position of maximum 
strain can be reached, beyond which further distortion would produce 
a greater stability. Whether the assumed force drawing together the 
unstable electron pairs is sufficient to cause such distortion seems for 
the present to be a matter of pure conjecture. 

However, I am inclined to believe that there is some change of 
structure of a distinctive character occurring in conjugated systems, 
and that it is not unlikely that this change is of the character ad- 
vocated by Huggins,’ especially if we add to his hypothesis the sug- 
gestion which I offered above, namely, that in this change the atomic 
kernels are displaced in such manner as to give one pair of electrons 
in each double bond a character more nearly resembling a single bond- 
ing pair. Whatever models of molecular structure we may assume, 
it must always be borne in mind that these models may at best rep- 
resent the configuration of some molecules some of the time, and that 
most molecules, especially those with bonds of the weaker sort, are in 
constant tautomeric change from one configuration to another. 


The Triple Bond. 


In accordance with the practice of organic chemists, we should 
represent a triple bond by three pairs of electrons held in common 
by two atoms. This is the only way in which we can assign to each 
carbon atom in acetylene its full quota of eight electrons. Such join- 
ing of two carbon tetrahedra at three apices should produce a very 
high degree of unsaturation according to the Baeyer theory of strains. 
Indeed it has often been assumed that the triple bond implies a 
much higher degree of unsaturation than the double bond, but I be- 
lieve that this view is erroneous. Bromine adds much more rapidly 
to ethylene than it does to acetylene, and Pascal has shown that the 
diminution in diamagnetism is far less for the acetylene than for the 
ethylene linkage. On the whole it would appear that molecules which 
are ordinarily assigned the triple bond show less unsaturation than 
those which are assigned the double bond. 

Whether, or to what extent, the carbon atoms in acetylene actually 
share three electron pairs is an open question. It is to be noted that 


+ There is one idea which Huggins employs which seems to me to be unsup- 
ported by the evidence. This is the idea that occasionally electrons form stable 
groups of three instead of the normal pairs. 
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while the partial rupture of an ethylene bond in a symmetrical manner 
requires the formation of two odd atoms, an acetylene bond may 
be partly broken in such a manner as to leave only a single bond, 
while all of the electrons remain paired, but both carbon atoms could 
no longer retain their complete octets. The properties of acetylene 
would best be explained by assuming some intermediate form or some 
tautomeric equilibrium between a number of configurations, such as: 


He: Go: Cheon H:C:C:H. 


Limitation of Multiple Bonds. 


Some years ago, while comparing the properties of closely related 
elements, I was much mystified by the occasional large differences 
between substances supposed to be analogous. Thus if we compare 
elements of the two periods which end with fluorine and with chlorine, 
we see that fluorine and chlorine resemble one another closely in their 
physical properties, and the differences that exist are such as might 
be predicted from the general trend in the properties of the halogen 
group. On the other hand, oxygen and nitrogen differ far more from 
sulfur and phosphorus, and when we compare carbon and silicon and 
their compounds we encounter some very curious anomalies. 

The tetrachlorides of carbon and silicon are both liquids and closely 
resemble each other, although the latter has a higher boiling point, as 
might be expected from its greater molecular weight. On the other 
hand, two substances could hardly differ more widely than do carbon 
dioxide and silicon dioxide. The former is a gas, the latter is a solid 
which does not melt or vaporize except at very high temperatures. 
The formule which have been assigned to these substances are identical, 
namely, O= C=O and O= Si= O, and in no-way account for the 
great dissimilarity in the physical properties of the two substances. 

A consideration of a number of such facts led me some years ago 
to conclude that the ability to form multiple bonds is almost entirely, 
if not entirely, confined to elements of the first period of eight, and 
especially to carbon, nitrogen and oxygen. If silicon is incapable of 
sharing a double bond with oxygen, then in terms of the older valence 
theory we should be obliged to represent silicon dioxide as 


+ Ocal is 


and the uncompleted bonds could only be completed by union with 
other molecules. In terms of the newer theory this would be indicated 
by some such configuration as 


“Occ. 0: 
PO rSi:O2 | 
:0:Si:0: 
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Such a formula would indicate the existence of unsatisfied valences 
which could be satisfied only by a process of polymerization which 
might end in the formation of some complex ring structure with all 
the valences satisfied, or might lead to an indeterminate molecule, that 
is, a single molecule which continues to add to itself until all the ma- 
terial is exhausted. It is probable that silica, both in the crystalline 
state and in the state of a supercooled liquid, passesses such a structure, 
and that the whole mass may be regarded as one indeterminate molecule. 
In terms of the theory of electron pairs we should therefore adopt 
some such picture as that shown above, although this particular pic- 
ture, having only two-dimensional extension, cannot be supposed to 
represent the actual configuration of silica. 

If sulfur is unable to form a double bond, the molecule could not 


take the form :S::S:, but rather would tend to form a continuing 
molecule in which one of the end atoms would have only three pairs 


instead of the normal group of eight, such as i: = S . This deficiency 


would, however, be made up, and each atom ‘would have its octet, if a 
ring were formed. In the formation of such molecules as S, and Sz, 
and in the formation of polysulfides, we have strong evidence for the 
correctness of this view of the structure of sulfur molecules. So also 
the failure to form multiple bonds in phosphorus offers an explanation 
of the molecule P,, and possibly other complex molecules which may 
exist in phosphorus vapor. 

The indisposition of sulfur to form double bonds is well illustrated 
in the organic compounds in which the oxygen of a carbonyl group is 
replaced by sulfur. Such substances, in so far as they have been pre- 
pared at all, show evidence of great chemical unsaturation. They are 
for the most part colored, and show a marked tendency to form asso- 
ciated molecules. The peculiar properties of the carboxyl group, in 
which the carbon can be replaced by silicon and the oxygen by sulfur, 
will be discussed at some length in a later chapter. 

My observation that it is the elements with kernels of the helium 
type that form double and triple bonds led Eastman (1922) to a very 
ingenious theory of multiple bonds. He advanced the idea that the 
two electrons of the nucleus, which are ordinarily regarded as occupy- 
ing positions of great stability and taking no part in chemical reactions, 
might under certain circumstances act as valence electrons in cases 
where they are only one step removed from the valence shell. He 
therefore assumed that, in cases where single bonds do not suffice to 
furnish the full octets, the octets are completed by the entrance of these 
inner electrons into the valence shell. 

This is an interesting theory, and not only offers a new picture of 
the multiple bond, but affords the only explanatien which has so far 
been offered to account for the existence of the two hydroborons, B.H, 
and B,H,, which appear to be so similar to ethane and butane. Never- 
theless, there are some serious objections to the acceptance of East- 
man’s view, the chief of which is that our X-ray data seem to indicate 
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that the removal of electrons from the inner shell would require a far 
greater expenditure of energy than is available in ordinary chemical 
processes. It seems not impossible, however, that a modification of 
his theory may be useful in which’it is assumed that the electrons of 
the inner shell remain in this position and, while serving as the inner 
shell of one atom, help fill the outer octet of another atom. 


Résumé 


We shall have frequent occasion to discuss the phenomenon of 
unsaturation, for it is by no means confined to systems containing 
multiple bonds. Indeed there are many types of electronic arrange- 
ment which lead to degrees of unsaturation which may exceed those 
which occur in our multiple bond systems. Probably in any case it is 
a mistake to consider the process of forming a multiple bond as one 
which causes a condition of unsaturation. It is more likely that the 
reverse is true, and that we should consider the process which forms 
the structure known as the multiple bond as diminishing the unsatura- 
tion which would exist if this process, whatever it may be, were in- 
hibited. 

We shall have occasion again to discuss the structure of these 
multiply-bonded systems, although we shall not find it possible to give 
any definite and final picture of the electronic configurations of these 
mobile molecules. For the present it suffices to state that, when there 
are not enough electrons in a molecule to provide each atom with its 
stable octet by the process of forming normal bonding pairs, two con- 
tiguous atoms may, to some extent, share a second or third pair of 
electrons, although this sharing is by no means so complete or unam- 
biguous as in the single bond; and furthermore that this ability to 
share a second or third pair is almost entirely limited to carbon, 
nitrogen and oxygen. 


Chapter VIII. 
Exceptions to the Rule of Eight. 


The striking prevalence of molecules in which each atom has its 
full quota of four electron pairs in the outermost shell has led Lang- 
muir to attempt to make the octet rule absolute, and he even proposes 
an arithmetical equation to determine, in accordance with this rule, 
whether a given formula represents a possible chemical substance. I 
believe that in his enthusiasm for this idea he has been led into error, 
and that in calling the new theory the “octet theory” he overemphasizes 
what is after all but one feature of the new theory of valence. The 
rule of eight, in spite of its great importance, is less fundamental than 
the rule of two, which calls attention to the tendency of electrons to 
form pairs. 

The electron pair, especially when it is held conjointly by two atoms, 
and thus constitutes the chemical bond, is the essential element in 
chemical structure. Even the rule of two has its exceptions in the odd 
molecules, and such molecules containing an uneven number of elec- 
trons obviously cannot conform to the rule of eight. But there are 
many other exceptions to the octet rule and to my mind these exceptions 
instead of weakening the fundamental theory, strengthen it; for the 
reactions of such substances are just such as the great tendency to 
complete their broken octets would lead us to expect. 

The exceptions to the rule of eight may be divided into two classes, 
one in which an atom has less than four electron pairs in its valence 
shell, and one in which it has a greater number than four. We shall 
see that these two types of exceptions are probably very different in 
character. 

In my earliest speculations on this subject in 1902, I thought of 
the molecule of sodium chloride as produced by the complete transfer 
of an electron from the sodium atom to a chlorine atom, thus giving 
to chlorine its valence shell of eight electrons, and leaying sodium only 
with its inner shell of eight. The two charged particles were supposed 
to be held together by the electric forces then acting between the 
sodium ion as a whole and the chloride ion as a whole. This is the 
view which has been recently entertained by Langmuir in order to 
maintain the octet rule, which would prevent our ever assigning a 
chemical bond to an element like sodium. There is no question that 
elements like sodium do have a very great tendency to give up their 
electrons and form the ions. When a strong electrolyte is dissolved 
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in water all our evidence seems to indicate that the chemical bond has 
disappeared, even though we may assume the existence of some un-1on- 
ized molecules. But would this be found to be the case if we should 
study more fully the properties of sodium chloride in the vapor state ? 
In the fused state most typical salts have properties which indicate a 
completely polarized condition of the molecule, but fused beryllium 
chloride has a very low electrical conductivity and may be regarded as 
a weak electrolyte. It is best to assume that the beryllium is tied to 
the chlorine by definite though possibly very loose bonds. So sodium 
may form weak electrolytes with other anions. It is very likely that 
the hydrides of the alkali metals will prove to be weak electrolytes, 
and when we consider a substance like sodium methyl we find that it 
possesses no saline properties. Presumably sodium is attached to the 
methyl group by a chemical bond and thus possesses an uncompleted 
octet. 

The compounds of boron are of much interest in this connection. 
Our knowledge of these interesting substances has been greatly clarified 
by the recent work of Stock (1914, 1921). The alkyl compounds of 
boron have vapor densities corresponding to the simple formula BR;. 
Thus we may write for boron trimethyl or triethyl the formula 


R 
1Roc 18 
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There seems to be no way in which boron can have more than three 
electron pairs in its valence shell. And the properties correspond to 
the above formula, for boron trialkyl is highly reactive toward any 
substance which is capable of furnishing the electron pair to complete 
its octet. Thus with ammonia it forms a compound which remains 
undissociated when dissolved in benzene. This compound may be rep- 
resented by the formula : 


Roo 
PSB NOEL 
Reet 
where a free electron pair (or, as Huggins calls it, a lone electron pair ) 
of the nitrogen completes the boron octet. In the older valence theory 
the formation of such a compound would be unintelligible. 

Just after the publication of my paper of 1916, Mr. A. S. Richard- 
son, then a graduate student at Princeton University, called my atten- 
tion to the great interest attaching to the boron compounds in the light 
of the new theory of valence, and he undertook an extensive theoretical 
and experimental study of the compounds of this element. This work 
however, was interrupted by the war, and unfortunately has not been 
resumed. _ Undoubtedly a further study of the compounds of boron 
will furnish information of much value, for the compounds of no 
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other element show so clearly the differences between the old and the 
new valence theories. 

In the halides of boron we might allow the possibility of completing 
the shell of eight about the boron atom, for one of the halogen atoms 
might share two pairs of electrons with the boron. Indeed our present 
theory does not exclude the existence of doubly bonded halogens. In 
iodonium compounds we shall assume that the halogen atom is bonded 
to two other atoms, and there seems no reason to believe that fluorine 
might not, at least occasionally, be connected by two bonds to a single 
atom. But in the present instance the properties of the boron halides 
are fully explained by assuming a sextet of electrons in the boron shell. 
Thus water, ammonia, or hydrofluoric acid readily shares one lone 
electron pair with the boron to complete the latter’s octet. The com- 
bination of boron trifluoride with hydrogen fluoride to form hydro- 
fluoboric acid is indicated as follows: 


BF: :F: 
‘F:B + :F:H = :F:B:F:H .; 
Pan ie ae 


While molecular weight determinations of the boron trihalides show 
that they exist as simple molecules, both in the gaseous and in the dis- 
solved states, it is probable that in the solid state the extra electrons 
of one molecule enter the uncompleted octet of another molecule, thus 
forming an indeterminate molecule of the type 


-F: :F: 
TIDUS TES TRY. 
ogee BRN 


Professor Hildebrand has called my attention to the probability that 
in the case of many solids which readily sublime, in other words which 
pass from the solid to the vapor state without the intervention of the 
liquid state, there is indication of the formation of such indeterminate 
or continuing molecules which exist only in the solid phase. 

Entirely analogous to the boron trihalides are the corresponding 
aluminum compounds, and aluminum like boron frequently completes 
its group of eight by attaching to itself a lone pair belonging to another 
atom. Thus the compound between aluminum chloride and ether is 
entirely analogous to that between boron trichloride and water. In 
such manner we may visualize the various intermediate substances 
which presumably are formed in the important reactions of Friedel 
and Craft. 

There is great similarity between the physical and chemical prop- 
erties of boron trifluoride and of sulfur trioxide. Since sulfur does 
not readily form a double bond, we must write the formula of sulfur 
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trioxide as in the following scheme, which expresses the union of 
sulfur trioxide and oxide ion to form sulfate ion: 


:O: ee Om ‘a 
Oa + [ :9:] a Bea 


In a similar way sulfur trioxide reacts with ammonia. These are 
all typical examples of reactions between molecules which have un- 
bonded electron pairs, and molecules which contain uncompleted octets. 
Such processes are very much like the one which occurs in the formation 
of ammonium ion from ammonia and hydrogen ion. Here the nitrogen 
furnishes the pair of electrons to complete the stable group of hydrogen, 
which in this case is not a group of eight but a group of two. Thus 


ete. 
[H] te Ne Ee Nos 


Our picture of the formation of sulfuric acid from: the anhydride 
and water suggests a possible new type of isomers. The two following 
formule A and B may represent respectively the commoner state of 
the sulfuric acid molecule, and the state of the molecule when the acid 
is first formed. 


Or 0: 
(A) eH O22 Our, (B) -O:970:H 
20: 10 F 


Now we shall see numerous cases of this kind in which the opportunities 
for isomerism are unfulfilled on account of the great mobility of the 
hydrogen nucleus (hydrogen ion), and its rapid exchange from one 
electron pair in the molecule to another. This mobility is especially 
marked when we are dealing with a substance of even the slightest 
acid properties. Werner has called attention to the possibility of 
isomers of the type of A and B, but he was still sufficiently under the 
influence of the older valence ideas to call A a valence compound and 
B a molecular compound. As we have written the two formule we 
see how unjustifiable such a distinction is. In the rapid tautomerism 
which we assume to occur between these two forms of sulfuric acid 
there is no change in the essential distribution of the electron pairs. 
We merely assume that the two hydrogen nuclei are moving about 
from one pair of electrons to another, and are only rarely attached to 
the same atom of oxygen. However, we should expect the mobility 
to be very greatly diminished if alkyl groups were substituted for 
hydrogen, and by treating an acid anhydride with an ether it is to be 
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predicted that compounds will be formed which will not immediately 
rearrange to give the normal esters. 

Another type of substance in which we may assume a sextet rather 
than an octet is represented by metaphosphoric acid. Since we are not 
inclined to assign a double bond to phosphorus, we may use the follow- 
ing formule to represent metaphosphoric acid and its mode of com- 
bination with water. 


UB ON he 2O2 T=, O:P Oolt 
+8) tO; 


The resulting molecule corresponds to the formula B given for sulfuric 
acid. In such forms it is evident that the addition of two hydrogen 
ions to the same oxygen should produce a highly polar molecule. If 
we assume that the above transition form in the hydration of meta- 
phosphoric acid is therefore so unstable as to exist only in very small 
amount, we might thus explain the slowness of hydration of this acid. 

Nitric acid and carbonic acid are analogous to metaphosphoric acid. 
Here we would be more willing to assume a double bond between 
oxygen and carbon or nitrogen. But it has been pointed out by 
Latimer and Rodebush (1920) that the crystalline structure of solid 
nitrates and carbonates seems to indicate that the three oxygens are 
symmetrically placed with respect to the central atom. If this is also 
true in the dissolved state we should write, for these ions, formule based 
upon a sextet of electrons, namely, 


[sitio] [.3:83.] 7 


Atoms with More Than Four Electron Pairs. 


We must next consider a group of compounds in which the central 
atom appears to share pairs of electrons with more than four other 
atoms. Such substances are PCl;, SF, and UF,. At the time of the 
appearance of my first publication, when it became evident that there 
is no compound of nitrogen in which it is necessary to assume that the 
nitrogen atom is attached to other atoms by more than four bonds, it 
seemed possible that other similar apparent exceptions ta the rule of 
eight might be explained away. Dr. E. Q. Adams and I made a full 
study of the available facts concerning phosphorus pentachloride in 
order to see whether it might possibly be assigned a formula analogous 
to that of ammonium chloride, as has since been done by Langmuir, 
namely, 


Ole | besuanee 
Bas feccla|an 
:Cl: 
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We concluded, however, that the chemical facts were entirely opposed 
to any such assumption, and that the five chlorine atoms are directly 
attached to the phosphorus atom, each by a bonding pair of electrons. 
In other words, phosphorus is surrounded by a group of ten electrons. 
So also in the hexafluoride of sulfur we must consider sulfur attached 
to six bonds and therefore possessing a group of twelve electrons in 
its shell. 

However, the fact that so few compounds of this type are known, 
and these only when the highly negative elements chlorine and fluorine 
are present, has suggested to me that the rule of eight may be applied 
to these substances in a somewhat restricted form if we amplify our 
ideas of the meaning of the valence shell. We have seen the value of 
considering a series of energy levels leading outwards from the center 
of the atom, and we have seen how under some circumstances it is 
necessary to assume that electrons pass from one level to another. In 
terms of this theory we may suppose that in addition to the level in 
which the valence shell normally falls there are outer levels into which 
the valence electrons may occasionally be drawn. If we call the normal 
level the first valence shell, it seems probably justifiable to state the 
universal rule that no atom ever contains more than four pairs of 
electrons in the first valence shell. 

If we adopt this hypothesis, we must state that when an atomic 
kernel is attached to more than eight electrons, some or all of these 
electrons have passed into a secondary valence shell. Now such.a 
transfer of electrons to a secondary shell would normally require the 
expenditure of energy, and therefore such a phenomenon can only be 
expected to occur when the entrance of these electrons into shells of 
other atoms provides the necessary energy. The energy released in the 
completion of the normal valence shell is greater in the more electro- 
negative elements—indeed this is presumably what we mean by an 
electronegative element—and the maximum energy change in such a 
process occurs in the completion of the octet of fluorine. We may 
therefore assume that fluorine and occasionally other electronegative 
elements are able to draw the electron pairs of other atoms from the 
primary to the secondary valence shells. 

It must, however, be clear that if we eventually find it desirable 
to adopt this hypothesis of secondary valence shells, it would be irra- 
tional to apply it merely to cases in which the valence electrons of 
an atom exceed eight. On the contrary we should probably wish to 
apply the same idea to many molecules in which the several atoms 
possess eight or even fewer electrons, for example, in molecules with 
double bonds. However, at present we seem hardly ready for any 
systematic use of this theory of secondary valence shells. 

It is interesting to consider whether such substances as sulfate ion 
or sulfur hexafluoride are little polarized, or whether they are highly 
polarized but form a multipole of such symmetry as to be subject to 
no strong orienting forces in an electric field. The hypothesis which 
has just been suggested favors the latter view. The properties of 
sulfur hexafluoride are very remarkable. It does not behave at all 
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like a typical polar substance. It is a gas at ordinary temperatures, 
which shows extraordinarily little chemical reactivity. It neither 
hydrolyzes with water nor reacts with molten alkali. Nevertheless, if 
we assume that the six pairs of electrons are drawn out from the 
primary valence shell of sulfur so that the fluorine atoms have almost 
complete possession of the electron pairs, it would leave the sulfur 
atom with a large positive charge. Presumably the atoms of fluorine 
are arranged about the sulfur atom in positions of much symmetry, 
perhaps in an octahedral structure, and these atoms of fluorine, which 
partake almost of the saturated character of fluoride ion, may serve to 
form a protective layer about the sulfur atom, which guards it from 
chemical attack. 

In the case of phosphorus pentachloride we can hardly assume a 
condition of great symmetry, and this substance is far more reactive 
than sulfur hexafluoride, and exhibits an entirely different set of pro- 
perties. But uranium hexafluoride appears from its physical properties 
to be a nonpolar substance. For example, it shows a high volatility 
at ordinary tempefatures (although uranium tetrachloride does not 
volatilize until about 1000° C.), but uranium hexafluoride is highly 
reactive chemically, and perhaps this may be explained if we consider 
that the very much larger kernel of uranium is less adequately pro- 
tected from external attack by the layer of six fluorine atoms. 

In addition to the substances which we have been discussing, there 
is a large class of complex compounds which have been specially studied 
by Werner, and in which we are led to conclude that an atom is attached 
to more than four electron pairs. In such compounds as the cobaltic 
complexes where the ion is apparently bound fo six other atoms or 
radicals by electron pairs, and in the anions such as SiF,-~ and PtCl,-, 
we may eventually assume that the bonding pairs lie in the secondary 
valence shells of the several central atoms. Such complexes are known 
involving as many as eight electron pairs attached to the central atom, 
as in K,Mo(CN),. Consideration of these complexes, and of the 
Werner coordination number, will be continued in the next chapter. 


Chapter TX? 


Valence and Coordination Number. 


‘The normal state of an atom is one in which it possesses four pairs 
of electrons in the valence shell, these pairs frequently serving as bonds 
of attachment to other atoms. The rule of eight implies that the 
maximum number of bonds between a given atom and other atoms is 
four. Many types of atoms seem to have a tendency to employ this 
maximum number of bonds, or in other words, to use each electron 
pair as a bonding pair, but it is possible that this apparent tendency 
may be due to the need of electrons in order to furnish to other atoms 
their stable groups of eight (or in the case of hydrogen its stable 
group of two). 

Thus ammonia is a molecule in which each hydrogen has its normal 
group of two, and the nitrogen atom has its group of eight electrons. 
This molecule tends strongly to add hydrogen ion and thus complete 
its four bonds, but this process might equally well be ascribed to the 
tendency of the hydrogen nucleus (hydrogen ion) to assume its normal 
group of two. Nevertheless, it seems probable that the stability of 
ammonium ion and of other like compounds may in part be ascribed to 
the tetrahedral symmetry of a structure of four bonds attached to a 
central atom. 

In organic chemistry, where the concept of valence has been most 
definite and most useful, the valence of an atom is defined as the 
number of bonds which attach it to other atoms, whether these bonds 
be single or multiple. There appears to be no longer any reason for 
refusing to make this definition universal, so that it may be applied to 
inorganic compounds as well. The inorganic chemist’s use of the terms 
positive and negative valence was shown to be misleading in so far as 
it is implied that we can always ascribe to each atom in a compound a 
definite polar number or stage of oxidation. When it is expedient to 
indicate the polar number, this may be done as I have suggested in a 
previous chapter. Thus instead of saying that cobalt is bivalent in 
cobaltous compounds, we shall say that it is bipositive. When we 
speak of its valence we shall refer, as in all other cases, to the number 
of its bonding pairs. Thus free cobaltous ion has zero valence, but 
cobaltous ion, which is attached to four molecules of ammonia, is quadri- 
valent. In general therefore we may define the valence of an atom in 
any molecule as the number of electron pairs which it shares with 
other atoms. 

It has been proposed by Langmuir to call this number of bonds the 
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covalence, but he has associated this term with an arithmetical equation 
by which he attempts to predict the existence or non-existence of 
chemical compounds. By fixing the maximum covalence at four he has 
been led to regard two compounds like SiCl, and PCI, as fundamentally 
different in character, and it seems to me that his rule brings back 
some of the arbitrary features of the older graphical formule which 
Werner criticized because they so often create artificial distinctions 
between entirely analogous substances. We shall therefore employ the 
old term valence to express the number of bonding pairs of an atom, 
and just as we found it necessary to conclude that some atoms contain 
more than eight electrons in their outer shell, so we shall be occasionally 
required by definition to ascribe to atoms a valence of five or six, or 
even eight. 

However, to most of the elements of small atomic number it is 
sufficient to ascribe the maximum valence of four. This is the charac- 
teristic valence of carbon, and there are few compounds of this element 
in which it exhibits any other valence, although it has usually been 
considered bivalent -in carbon monoxide, and it forms trivalent com- 
pounds, as typified by triphenylmethyl. When an atom of carbon is 
attached to less than four other atoms we ordinarily assume a sufficient 
number of double or triple bonds to give to carbon its full quota of 
four bonds. Usual as this convention is, we may suspect that on some 
occasions it is a little arbitrary. 

Thus when we consider the ortho-acids (in which the central atom 
is surrounded by four oxygen atoms) we might say that in the silicates 
the ortho-ion, SiO,-—~-, is the only one which will satisfy the maximum 
valence of silicon, since this element is not prone to double bond 
formation. But in the case of carbonic acid we assume that the ortho 
form can lose water without giving up the quadrivalence of carbon, 
thus forming ordinary carbonic acid and carbon dioxide to which we 
assion the formule Ol—=C(OH)., and O=C=0O. Pursuing the 
same line of thought with respect to nitric and phosphoric acids we 
note the existence of the ortho-phosphate ion PO,—-, while ortho- 
nitric acid is unknown. Here we might say that nitrogen maintains 
its quadrivalence through a double bond, giving to nitrate ion the 
formula 

ee 


|: ):N::0: | . 

If, however, the X-ray analysis of crystalline nitrates shows the three 
oxygens of nitrates to be all alike, this argument may be fallacious, 
and the corresponding argument regarding carbortic acid would also 
appear questionable. Whatever the explanation may be, it is evident 
that the elements of the first period of eight less frequently reach the 
maximum valence of four than the elements of the second period of 
eight. ’ ; ; 

Boron achieves its valence of four at the same time that it obtains 
its group of eight electrons in such compounds as HBF, and 
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(CH,),BNH;. It also appears in some mysterious way to act as a 
quadrivalent element in the extraordinary compounds BH, and Biba 
which Stock believed to be fully analogous to hexane and butane, C:H¢ 
and C,H,. This problem we shall discuss again. us 
Phosphorus, arsenic and antimony, as well as sulfur, selenium and 

tellurium are quadrivalent in their most highly oxidized acids, and the 
same thing is true of bromine, chlorine and iodine in the perbromates, 
perchlorates and periodates, although in the latter case there is evidence 
of a still higher valence of iodine in salts which seem to be derived 
ibecyen’ Jel: IKO}a. 

When the nitrogen atom in ammonia achieves quadrivalence by 
adding hydrogen ion to give the molecule 


H + 
H:N:H 
H ; 


we see the prototype, not only of many reactions of nitrogen compounds, 
but also of compounds containing other atoms which possess lone pairs 
of electrons. There can be little doubt that the four hydrogens of 
ammonium ion are symmetrically placed about the nitrogen atom, and 
the stereochemistry of ammonium derivatives points definitely to con- 
ditions entirely similar to those found in carbon compounds, and indi- 
cates an arrangement deviating from perfect tetrahedral symmetry 
only so far as may be due to the differences in the individual radicals 
which are attached to the nitrogen. 

When phosphine is in the presence of hydrogen ion the phosphorus 
attains the valence of four by adding one hydrogen ion to its lone 
pair of electrons, forming the symmetrical phosphonium ion PH,*. 

With the exception of the elements of the argon type, every atom 
which possesses one or more lone pairs of electrons shows a tendency 
to increase its valence by adding hydrogen ion or some correspond- 
ing radical, thus forming a great group of compounds which may 
for brevity be called the “onium” compounds. Just as the solubility 
of hydrogen phosphide in water is increased by the addition of an acid, 
owing to the partial formation of phosphonium ion, so we find that 
the solubility of hydrogen sulfide in water is increased, although less 
markedly, by the addition of hydriodic acid. While this fact might 
be explained without the assumption of chemical combination, the most 
probable explanation of the increase in solubility is that hydrogen sul- 
fide combines with hydrogen ion forming the first sulfonium ion 
according to the reaction 


on H + 
ere esa AES i= la: 2. | 


Numerous derivatives of this ion are known, in which organic radicals 
take the place of hydrogen. To form the second sulfonium ion (HS ie 
in which sulfur would have the valence of 4, wouid require the addi- 
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tion of another positive ion to a group already positively charged. 
The formation of such an ion would therefore be opposed by strong 
electric forces. It is quite possible that in strong acid solutions the 
second sulfonium ion may be produced in small amounts, but there 
is no proof of this, nor do we know any of the organic derivatives of 
this ion. 

Just as ammonium ion is more stable than phosphonium ion, so we 
should expect the ion OH;*, which may be called the hydronium or the 
oxonium ion, to be more stable than the corresponding sulfonium ion. 
The fact that the ordinary reactions of chemistry have been studied 
largely in aqueous solutions has led us too frequently to ignore the 
possible complexes between dissolved substances and water. We have 
far more quantitative evidence regarding the ammonia complexes than 
we have regarding hydrates. The combination between ammonia and 
an aqueous acid is unmistakable, and when hydrochloric acid dissolves 
in liquid ammonia we assume that we have a solution of ammonium 
chloride. When hydrochloric acid dissolves in water, in all prob- 
ability a similar thotigh looser complex is formed giving the ions 
OH,* and Cl. Indeed Latimer and Rodebush (1920) believe that an 
aqueous solution of hydrochloric acid would have the properties of a 
weak acid were it not for the formation of this hydronium chloride. 

This tendency of oxygen to convert its lone electron pairs into 
bonds leads to a large number of oxonium compounds, many of which 
have been definitely proved to exist, while many others have been 
predicated to explain certain reactiors. When ether is added to liquid 
hydrochloric acid the electrical conductivity of the latter is greatly in- 
creased. The only simple explanation of this fact is that diethyl 
hydronium chloride is formed with the ions 


Fee [:ci:] 


So also ether and bromine give a conducting solution. In this case 
we may regard bromine as an extremely weak electrolyte which yields 
a very small amount of bromous and bromide ions. The bromous ion 
having an incompleted octet completes its group of eight by means of 
one of the lone pairs of oxygen, just as the hydrogen ion obtains its 
stable group of two in the same manner. 

This production of a stronger electrolyte from a weak electrolyte 
by the formation of complexes is a very general phenomenon, first 
pointed out by Abegg and Bodlander (1899). We now see more 
clearly the nature of this phenomenon. Methyl chloride is a very weak 
electrolyte, but, when treated with trimethyl amine, the strong tetra- 
methyl ammonium chloride is produced, namely, 


R e “7 
R:N:R [ siz] 
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Here the chloride ion is attached to the complex ion by no chemical 
bond. The only force holding the two ions together is the electric force 
due to their charges, and the substance must be a strong electrolyte. 
(When the hydrogens of ammonium ion are not all replaced by organic 
radicals there is the possibility of a chemical bond which we shall 
discuss in a later section.) 

The normal halide ions have zero valence, but they readily add 
hydrogen ion to form the acids, and it is probable that occasionally 
another hydrogen ion is added to one of the lone pairs. Thus it is 
possible that such small conductance as is possessed by pure liquid 
hydrochloric acid may be due to the formation of what might be called 
chloronium chloride, with the formula [H.Cl]*[Cl]. This, how- 
ever, is merely a conjecture, and the only compounds of this type 
whose existence has been demonstrated are illustrated by diphenyl 


iodonium ion, 
[oie] 


To form the highest iodonium ion such as IR,*** it would be neces- 
sary to overcome very powerful electric forces, and it is not likely that 
such a compound will be prepared. 

It is to be noted that the formation of the typical “onium” 
ions is a process which differs in no essential respect from other proc 
esses in which hydrogen or other radicals become attached to lone pairs. 
Thus, starting with oxide ion, the addition of one hydrogen ion pro- 
duces the ion OH-, the addition of two produces water, and the addi- 
tion of three produces the hydronium ion. So likewise we may think 
of nitride ion being converted, by successive additions of hydrogen 
ion, to imide ion, amide ion, ammonia and ammonium ion. 

It very often happens that a molecule contains several atoms capable 
of attaching hydrogen to form an “onium” compound, and in such cases 
there are interesting possibilities of rearrangement or tautomerism as 
the hydrogen is transferred from one atom to another. In the com- 
pound of SO; and HCl the hydrogen may remain with the chlorine or 
go to the oxygen. So hydroxylamine may be regarded as a mixture 
of the two tautomers 


re 
H:N:0:H, H:N:0 
H H 


and while the tautomerism is too rapid to permit the isolation of either 
of these compounds, when the hydrogen is replaced by the far more 
immobile alkyl radicals we find isomers of both types, namely, the alkyl 
hydroxylamines and the amine oxides. , 


So also phosphorous acid, H;PO;, may be d i 
eyaeog errs st Os, may be regarded as a mixture of 
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H:O7R:O>H, H:0:P:0:H 


H 


Here again organic derivatives of both types are known. We shall 
later have occasion to discuss further this interesting kind of 
tautomerism, which indeed is of the same character as the tautomerism 
which we have recently discussed in the case of sulfuric acid. The 
fact that only two hydrogens of phosphorous acid are readily replaced 
by metals, indicates that the second of the above forms is the one 
which chiefly exists, and that the hydrogen is bound to the phosphorus 
by a much stronger tie than to the oxygen. So also hypophosphorous 
acid, H,;PO., has but one replaceable hydrogen, and the other two 
hydrogens may be regarded as attached to the phosphorus. 

Werner calls attention to the interesting series of compounds from 
phosphate ion to phosphonium ion. These exhibit in a remarkable 
way the quadrivalence of phosphorus. With minor changes his formulz 
are in complete harmony with our system, according to which this 
series of compounds may be written as follows. (The next to the 
last compound is not known as such, but gives organic derivatives, 
the trialkylphosphine oxides.) 


O Sage rte H Ab Vel ~~ @ 
O:P:0 O:P:0: O:P:0 
O ’ 202 ’ 1 A ’ 
H H =e 
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Bivalent Hydrogen. 


It seems to me that the most important addition to my theory of 
valence lies in the suggestion of what has become known as the 
hydrogen bond. The idea was first suggested by Dr. M. L. Huggins, 
and was also advanced by Latimer and Rodebush, who showed the 
great value of the idea in their paper to which reference has already 
been made. 

This suggestion is that an atom of hydrogen may at times be at- 
tached to two electron pairs of two different atoms, thus acting as 
a loose bond between these atoms. Thus it is assumed that two 
molecules of water may unite as follows: 


H:0:H:0: < 
H H 
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The atom of hydrogen attached to the two oxygen atoms represents 
the new type of bond. This theory of the hydrogen bond offers an 
immediate explanation of a large number of complexes involving water, 
ammonia and other such compounds, which have hitherto been in- 
explicable by any kind of structural formula. _ 

For example, we know that hydrofluoric acid consists very largely 
of double molecules. In its acid salts the ion is HF. , but in its neutral 
salts the ion contains but one atom of fluorine, F. We know nothing 
which would lead us to suspect that two normal fluorine ions, each 
of which has its completed octet, would combine with one another. 
The whole phenomenon, however, is very simply explained if we 
admit the possibility that an atom of hydrogen ties together the two 
fluorine atoms, as indicated in the following formule: 


JRGde eh 43 [rere te) 3 


It is a striking fact that the liquids whose behavior indicates a large 
measure of association, and which have the high dielectric constant 
and ionizing power which seem to be an accompaniment of this as- 
sociation, are compounds which contain hydrogen as well as lone elec- 
tron pairs. Such substances are water, ammonia, hydrogen peroxide, 
hydrocyanie acid and hydrofluoric acid. The postulate of the hydrogen 
bond certainly offers a very simple picture of the association of such 
molecules. 

Ammonium hydroxide is a weak electrolyte, but tetramethyl am- 
monium hydroxide is a.strong electrolyte. It has usually been sup- 
posed that this difference is due to the fact that ammonium hydroxide 
is largely dissociated according to the reaction NH,OH = NH, + H.O, 
a type of dissociation which cannot occur in the case of tetramethyl 
ammonium hydroxide. It was believed that the NH,OH existing as 
such would have all the properties of a strong base. Latimer and 
Rodebush offer an alternative explanation. They write the formula 
for ammonium hydroxide as 


H:N:H:0:H : 
H 


In this picture the nitrogen is still quadrivalent, but the molecule as a 
whole is held together not merely by the electric force between two 
oppositely charged ions but by definite characteristie bonds, and the 
weakness of the base is due to the difficulty of breaking the hydrogen 
bond. On the other hand it is not assumed that the hydrogen of the 
methyl group is capable of acting as a bond, and therefore tetramethyl 
ammonium ion and hydroxide ion are held together only by virtue of 
their opposite charges. 

In the preceding chapter I have suggested that when an atom is 
attached to more than four electron pairs, these are not in the first 
valence shell but in a secondary (or coordination) shell. The same 
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thing may be true of hydrogen (in which the stable shell is composed 
of two electrons instead of the normal group of eight). Hydrogen. 
when attached firmly to a pair of electrons, as in the hydrogen-hydrogen 
or hydrogen-carbon bond, shows: no tendency whatsoever to become 
bivalent, or in other words, to form a hydrogen bond. On the other 
hand, when combined with an extremely negative element like nitrogen, 
oxygeh or fluorine, toward which the electron pairs are very tightly 
drawn, the bonding pair may be drawn out of the first valence shell of 
hydrogen into a secondary shell, and it is apparently under some such 
circumstances that the hydrogen atom can form a loose attachment to 
another pair of electrons, thus forming the hydrogen bond. 


The Quadrivalence of Nitrogen. 


_In the older theory of valence nitrogen atoms with five bonds were 
a part of the regular stock in trade of the chemist. When I claimed 
that nitrogen is never more than quadrivalent I did not mean to deny 
the theoretical possibility of a compound such as NF,, in which the 
nitrogen atom would be bonded to five other atoms, corresponding to 
the compound PCl,; which we have already discussed. What I main- 
tained, and still maintain, is that in any compound now known the 
nitrogen atom is never attached to more than four bonds. We have 
seen that in terms of the new valence theory the double bonds which 
were formerly used between nitrogen and oxygen, and which required 
the quinquivalence of nitrogen, are now for the most part replaced by 
single bonds. So also we have seen that in salts of the ammonium 
type, like tetramethyl ammonium chloride, the anion is not attached 
to the cation at all, and that if it is attached to the cation in the simple 
ammonium salts, it has a bond to a hydrogen but not to the nitrogen 
atom. 

The amine oxides form a very interesting class of nitrogen com- 
pounds. The old and the new theories are represented by the formule 
R,N =O, and Rz,N—O. Such oxides when treated with an alkyl 
iodide form iodides which are strong electrolytes It was shown by 
Meisenheimer (1913) that, when the iodide ion is replaced by an 
alcoholate ion, isomeric substances can be prepared, to which he as- 
signed formule which are in complete accordance with our present 
views, namely, 


[R;NOR]* [OR’]- and [R;NOR’]*- [OR]. 


On the other hand, L. W. Jones (1914), using the modern dualistic 
theory, and the idea of quinquivalent nitrogen, wrote the formule with 
both oxygens attached directly to the nitrogen, and called the two sub- 
stances electromers; for he believed that one oxygen was negatively 
charged and the other positively charged, and that one or the other 
isomer is produced according as the positive atom of oxygen is attached 
to R or to R. I understand, however, from Professor Jones that his 
prevent view of the structure of these isomers would essentially coincide 


with my own. 
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At the same time I am obliged to admit that I made privately a 
prediction regarding these compounds which I am now forced to retract. 
Regarding the positive ion R, NOR* as analogous to tetramethyl] ammo- 
nium ion, and unwilling to admit the possibility of an anion attached by 
a fifth bond to nitrogen, I predicted that both the salts and the hydroxide 
of this cation would prove to be strong electrolytes. In work by Pro- 
fessor T. D. Stewart and Dr. Sherwin Maeser which has not as yet 
been published, this question was investigated, and it was found that 
compounds of the type (R;NOR)I behave in aqueous solution as 
typical strong electrolytes, but that they hydrolyze, showing that the 
corresponding base is weak. It was also found that in absolute alcohol 
these salts absorb hydrogen ion when an acid is added. These observa- 
tions which at first sight seem baffling are very simply explained on the 
theory of the hydrogen bond. ; 

Let us for the sake of simplicity revert to the aqueous solutions 
of amine oxide itself. These oxides combine with two molecules of 
water to form very stable compounds,—a fact which obviously is not 
explained by assuming nitrogen to be quinquivalent. Let us assume 
that these two molecules of water form an “onium” compound with 
the oxygen rather than with the nitrogen. We may then picture the 
amine oxide dihydrate as follows: 


Such a compound, in which each hydroxyl radical is held to the 
remainder of the molecule by a definite bond, would be expected to 
act as a weak base. This is in accordance with the facts. In other 
words, the weakness of the base is not caused by the attachment of 
one of the hydroxyl groups to a fifth bond of nitrogen, but rather by 
attachment to oxygen through the hydrogen bond. When the amine 
oxide is dissolved in absolute alcohol instead of in water the formation 
of the oxonium complex may he presumed to be far more limited, 
and when acid is introduced hydrogen ion may be added directly to a 
lone pair of the oxygen, forming the ion. 


ies : 
R:N:0:H 
R 
Another group of substances which is particularly interesting to 
the theory of quadrivalent nitrogen has been obtained by Schlenck and 


Holtz (1917). The first of these substances has five hydrocarbon 
radicals to a single nitrogen atom, namely, four methyl groups and 
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one triphenylmethyl group. This substance, however, was found to 
be an electrolyte, and is doubtless to be regarded as a salt with a 
triphenylmethyl anion, namely, [N(CH;).]* [C(CeH;)s]-. They 
obtained similar compounds, in which diaryl amino groups replace the 
triphenylmethyl, which also gave conducting solutions in pyridine. 
They concluded that the combination “is of a salt-like or ionogen 
character.” They further remark, “We thus see a confirmation of 
the assumption that in the ammonium compounds the fifth valence 
of nitrogen is under all circumstances otherwise constituted than the 
four other affinities.” Finally they obtained a compound which ac- 
cording to its method of preparation and its analysis has the formula 
(CsH,CH2)N(CH3;)4. This substance may be the nearest approach yet 
obtained to a compound with quinquivalent nitrogen, but no solvent 
could be found in which the substance dissolved without decomposi- 
tion, and it therefore could not be very fully investigated. 

In stating that no quinquivalent compounds of carbon or nitrogen 
are known, we should not exclude the possibility that unstable sub- 
stances of this type may appear in a transitory form during the progress 
of a chemical reaction, and indeed there are cases in which the 
mechanisin of a reaction may best be interpreted by the assumption 
of a fleeting addition compound to an atom of carbon or nitrogen that 
is already quadrivalent. This is especially true when two of the 
bonds constitute a double bond, but may also be assumed when the 
central atom is attached to four other atoms. As an example let us 
consider very briefly the very interesting phenomenon known as the 
Walden inversion. 

This phenomenon is observed when a dextro-rotary substance is 
passed through a cycle of processes resulting finally in the levo-rotary 
form of the original substance. There seems to be but one possible 
way of accounting for this peculiar behavior. Let us consider a 
carbon attached to the four radicals R,, R2, Rs, and Ra, and let us 
assume that a fifth group R, becomes temporarily attached to the 
carbon atom near to the face of the tetrahedron which is opposite to 
R,. A slight shift of the kernel might make it now the center of a 
new tetrahedron with corners at Ro, R;, Ru, and R,, while. R, would 
become detached from the molecule. Then if the radical R,; in the 
new molecule were to be replaced by the radical R,, the resulting 
molecule would be the mirror image of the one with which we started. 
In this explanation it is not necessary to assume that the five radicals 
are attached to the carbon for any appreciable period of time, indeed 
it might be assumed that the R, leaves at the same instant that the 
R, becomes attached to the carbon atom. 


Valences Higher Than Four. 


In substances like phosphorus pentachloride and sulfur hexafluoride 
we find a central atom attached to more than four other atoms. We 
have mentioned a similar case in per-iodic acid. Indeed iodine fre- 
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quently shows evidence of holding six pairs of electrons instead of 
the normal four. Thus we have the group of compounds which con- 
tain what is ordinarily and I think correctly called trivalent iodine, 
of which the simplest example is hydrogen tri-iodide. Here we may 
assume that one atom of iodine is the central atom, is attached to 
the hydrogen and to the two other iodine atoms by bonds, and pos- 
sesses altogether six electron pairs. In the same way we may in- 
terpret iodine trichloride and numerous other inorganic and organic 
compounds of iodine. 

The majority of cases of valence higher than four are found in 
the complexes formed by metallic salts. One of the greatest services 
rendered to chemistry by Werner consisted in the classification and 
elucidation of such complexes. He showed that an atom such as the 
atom_of chromium or cobalt lies in the center of a coordination zone 
in which a certain number of radicals are attached to the central 
atom, and this number he called the coordination number. 

All of the radicals which enter into such coordination groups are 
substances which possess lone pairs of electrons, like H,O, NH;, NO-, 
Cl- and the like, and doubtless one of these lone pairs is employed 
in attaching each radical to the central atom. Thus free cobaltic 
ion, Cot*+*, has no valence electrons, and when it combines with six 
molecules of ammonia to form an ion of the “hexammin” type, we 
may consider the cobalt atom as attached to six electron pairs, prob- 
ably situated at the corners of a regular octahedron. Each molecule 
of ammonia thus furnishes one of the bonding pairs, and by our 
broad definition of valence we may say that the cobalt atom has the 
valence of six. In other words, valence and coordination number are 
the same thing. So also, if we choose, we may say that the coordina- 
tion number is four for sulfur in the sulfates, is four for carbon in 
most of its compounds, and is four for nitrogen in ammonium salts. 

Whether we speak of the valence or the coordination number, 
there are two ideas that must be distinguished. It is sometimes cus- 
tomary to speak of the valence or the coordination number of an 
element without referring to any particular compound. The normal 
or maximum valence or coordination number of the element is then 
meant. When we are referring to a definite molecule the valence or 
the coordination number expresses the actual number of bonding pairs 
attached to the atom in question. Thus it is occasionally convenient 
to speak of the coordination number of carbon as four or of the 
cobaltic ion as six, although there are some compounds in which this 
maximum number of bonds is not employed. 

_ Many of the varied phenomena shown by the complexes formed 
with metal salts can be ascribed to the replacement of one radical 
by another, and if one of the radicals is a neutral compound and the 
other is an ion, an interesting. series of compounds results which 
may be illustrated by Figure 25, which is taken from Werner, and 
which shows the molecular conductance, at a concentration of 0.001 
normal, of a series of complex platinous salts. Here the coordination 
number is four, and, as the ammonia molecules are replaced by chloride 
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ion, the complex changes from a doubly charged positive ion to a 
doubly charged negative ion. The substance in the middle of the 
series is uncharged and is essentially a non-electrolyte, as shown in 
the diagram. 

Often such complexes are held together very firmly, and the process 
of replacement of one atom by another is a very slow one. Never- 
theless, the general character of such compounds seems to support the 
idea that the bonds operating in these complexes are not identical with 
our typical bonds, such as the one joining carbon to carbon. In other 
words, we may again assume that the electron pairs do not lie in the 
primary valence shell of the central atom, but in a secondary valence 
shell. 


[pravHy.Jc.  [PeNGPs]cr [peCls] = [pe] x [Pecu] Ke 


Fic. 25.—Conductivity of Complex Platinous Salts (Werner). 


If this idea proves to be correct, we might make a distinction be- 
tween valence and coordination number. We could call a primary bond 
a valence bond, and a secondary bond—one in which the electron 
pair is not in the primary valence shell of each of the atoms which it 
unites—a coordination bond. But if this were to be done it would be 
absurd to consider that coordination bonds exist only in cases where 
more than four bonds are attached to a single atom. Rather it would 
be necessary to class as coordination bonds many that are now con- 
sidered as ordinary valence bonds. I believe, however, that our present 
knowledge is insufficient to permit any systematic discrimination of 
this kind. 

It will therefore suffice to point out the probability that the bond- 
ing electrons, which hold the several radicals to a central atom of a 
metallic element in the coordination zone, are not ordinarily in the 
valence shell of that atom. Nor do metals as a rule seem able to hold 
electrons tightly. There are, however, some exceptions, and mercurie 
mercury, in its salts and in its various compounds with organic radicals, 
seems to form a bond which is not unlike the typical bonds of organic 
compounds. 
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Valence in Condensed Systems. 


Hitherto we have been considering the molecular structure of only 
those substances in which the molecule is a well defined entity, or in 
other words, which possess a definite molecular weight. This will also 
be our practice in succeeding chapters, and we shall not ordinarily 
base our valence rules upon information concerning the stoichiometric 
relationships in solid substances. For example, it would be undesirable 
to consider that one of the atoms in cadmium sulfate has a coordina- 
tion number of 8/3 merely because the hydrate has the empirical 
composition CdSO,.8/3H2O0. Rather we must assume that in this 
crystal there is an arrangement of the particles in which 8 molecules 
of water enter to every 3 atoms of cadmium. 

Nevertheless the structure of crystals and other condensed systems 
must eventually come within the scope of valence theory, and we 
shall devote the remainder of this chapter to a brief consideration 
of such problems. 

In liquids, especially of the “sticky” kind, and in glasses, the simple 
molecules which exist 1n the gaseous state presumably become attached 
to one another and often form chains or groups in which the in- 
dividuality of the simple molecule is partly or wholly lost. Such groups 
or continuing molecules, probably have an extent which is determined 
by adventitious circumstances. On the other hand in crystalline sub- 
stances these continuing molecules may be conceived as coterminous 
with the complete crystal, and characterized by a well-ordered arrange- 
ment, except where the crystal is distorted or broken. 

Through the study of crystalline form, and especially through re- 
cent investigations concerning the reflection of X-rays, we have ob- 
tained important information regarding the structure of crystals. We 
are able to fix the positions of the heavier atoms with much certainty ; 
the lighter atoms are located with greater difficulty, and hitherto we 
have been unable, except by inference, to ascertain the positions of 
the electron pairs which constitute the atomic valence shells. 

However, we already know enough regarding crystal structure to 
state that there is in general a great difference in the laws of chemical 
combination and in the arrangement of electrons and atomic kernels, 
between crystalline substances on the one hand and gaseous substances 
on the other hand. In the latter case those forces which we know 
as chemical affinity must be wholly or largely satisfied within the 
confines of a limited molecule; in the former these forces may mani- 
fest themselves as so-called crystalline forces operating through a con- 
tinuing molecule of unlimited size. 

In our discussion of silicon dioxide in Chapter VII, we have shown 
how such a continuing molecule might arise merely through the forma- 
tion of ordinary chemical bonds, and there are doubtless a number of 
crystals which may be adequately treated in this manner. The most 
striking case is furnished by diamond, in which each carbon atom is 
equidistant from four similar atoms, and there can be little doubt 
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that it is joined to each by a bonding pair of electrons. Diamond 
may therefore be regarded as a saturated organic compound in which 
each carbon atom is joined by a typical bond to four other atoms, 
and it is not unlikely that the rigidity of the bond and the distance apart 
of two bonded carbon atoms are about the same as in the molecule of 
ethane. 

As a rule, however, crystalline structures are not governed by 
ordinary valence rules. This problem has been discussed in a very 
interesting manner by Langmuir (1916). In a crystal of sodium 
chloride each sodium atom is positively charged and is equidistant 
from six negatively charged chlorine atoms; and also each chloride ion 
is surrounded by six sodium ions. If the molecule of sodium chloride 
in the gaseous state condenses upon a crystal of sodium chloride the 
gaseous molecule completely loses its identity and the atom of sodium 
belongs as much to five other chlorine atoms as to the one to which it 
was previously joined. 

Another class of crystals is composed of molecules which are 
chiefly saturated internally, so that each molecule becomes the unit of 
a crystal, in which the several molecules are held together by only a 
slight residuum of chemical affinity. Solid argon, nitrogen and hexane 
may be taken as examples of this class. Here the same molecule that 
exists in the gaseous state preserves its identity in the crystal. The 
same two atoms of nitrogen which condense together when the gas 
is solidified will reappear together when the solid is vaporized. An 
optically active organic substance is not racemized by alternate crystal- 
lization and melting. 

Presumably a substance like carbon tetrachloride would preserve its 
molecular identity on crystallization, but whether this would also be 
true of carbon tetraiodide seems less certain. There is much inter- 
esting work to be done in testing experimentally this problem of the 
preservation of the identity of molecules in crystals. For example, 
it would be very interesting to know whether solid iodine keeps to- 
gether the two atoms which constitute the gaseous molecule. 

There obviously must be many gradations between the two ex- 
treme types, namely, the crystal in which the primary chemical forces 
are largely satisfied inside the unit molecule, and the one in which 
the chemical bond, or something very like it, is operating as a crystal- 
line force. On the one hand we have very soft crystals like paraffin 
or carbon tetrachloride, on the other extremely hard substances 
like diamond and quartz. Intermediate are saline substances in which 
there are, practically speaking, no chemical bonds, but in which the 
atoms are strongly held together by the electrostatic force between 
oppositely charged particles. The difference between the extreme types 
is shown also in a comparison of melting and subliming points. A 
small degree of thermal agitation is sufficient to destroy a crystal of 
paraffin or carbon tetrachloride, but a very high temperature is needed 
to melt or sublime substances like quartz and diamond. 

A substance of the latter type, in which the chemical affinities are 
largely satisfied, not by the formation of small units, but by the 
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packing together of layer upon layer of atoms, must exhibit at the 
crystal surface a very high degree of chemical unsaturation, and it 
is upon such surfaces that we must look for powerful and specific 
adsorption of molecules which are capable of partially relieving that 
condition of unsaturation. The great amount of heat which is set 
free when water is added to finely divided silica illustrates the magnitude 
of the energy changes accompanying such a process. 


Résumé 


Defining valence as the number of bonds which are attached to a 
given atom, or the number of electron pairs which that atom shares 
with others, we may regard the maximum valence of four as a sort 
of norm. However, we find a great many cases in which an atom 
shares more than four pairs with other atoms and, although we sus- 
pect that in all such cases the electrons are drawn farther from the 
central atom than in the typical bond, we are not yet able to make a 
definite classification on this basis. For the present we must regard 
valence and coordination number as synonymous. Hence there are 
many elements to which must ascribe a higher valence than four and 
the number will doubtless be increased by further investigation. Thus 
Professor W. A. Noyes has called my attention to the fact that the 
dihydrate of perchloric acid is more stable in the vapor state than the 
anhydrous acid; this indicates very strongly a coordination compound 
in full analogy with periodic acid. Possibly also the dihydrate of 
sulfuric acid 1s not an ordinary hydrate formed through hydrogen 
bonds but rather has six hydroxyl groups attached to sexivalent sulfur. 


Chapter X. 


Compounds of Elements with Small Kernels. 


Although the kernel of the atom usually takes no direct part in 
chemical combination, its size and structure must play a large part 
in determining the behavior of the valence electrons. The degree of 
complexity of the kernel determines the distance of separation of the 
several valence pairs, and the forces which evidently oppose the close 
approach of two valence shells or two kernels to one another, make 
it possible to speak_roughly of the size of the atom. 

Indeed in a crystal at low temperatures the molecules, the atoms, 
and the constituent parts of the atoms, may be regarded as occupying 
definite positions, and the structure of the unit crystal may be considered 
as repeated with complete regularity throughout the whole crystalline 
mass. From the study of the reflection of X-rays it has already be- 
come possible to ascertain the location of the several nuclei and to draw 
some inferences as to the location of the several electrons. Further 
refinements of this method will doubtless permit the complete localiza- 
tion of the valence electrons, and possibly the arrangement of the 
kernel electrons as well. 

By this method, and through the aid of the known densities of 
substances, Bragg (1920) has made some calculations of the radii 
of the outer shells of various atoms. Some of the values which he 
thus obtained are given in the accompanying table, in which are com- 
pared the radii obtained by such a study of the several substances in 
their crystalline state with the radii of the corresponding molecules in 
the gaseous state, calculated from the gaseous viscosity by Rankine 

1921). 

ea methods of calculation rest on some assumptions, but the values 
doubtless show the approximate dimensions of the several molecules 
and the relative size of the light and heavy molecules. We see that 
the dimensions of the atom increase as the number of electron shells 
is increased, but the effect is partly offset by the gradual drawing in 
of the several shells as the positive charge of the nucleus (the atomic 
number) increases, so that the radius of xenon is less than twice as 
great as the radius of helium. 

A far more accurate method of determining molecular radii is 
promised in the present intensive study of the ultra red spectrum of 
gases. I cannot enter here upon a discussion of the method of thought 
employed in these investigations, and shall only mention one or two 
of the data obtained. I am indebted to Mr. H. C. Urey for a list 
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TABLE, 


MoLecuLar RADII IN THE CRYSTALLINE AND 


IN THE GASEOUS STATES. 


Radius | Radius 
(10 §cm) |(10 * cm) 
Bragg | Rankine 


0.65 I.17 
1.02 1.43 
1.17 1.58 
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of the latest results obtained by himself and others through this method. 
From the work of Kratzer (1920) one-half the distance between the 
atoms is 0.46x 10-* for HF, 0.63 x 10-® for HCl, and 0.70 x 10-8 for 
HBr. Some other molecular dimensions obtained by this method will 
be mentioned later. In the meantime it will be noted that the values 
are considerably lower than those given in the table, although they 
are arranged in the same order with respect to the several substances. 

A very recent paper by Bragg (1922), in which he discusses some 
results obtained by X-ray reflection, casts some doubt upon the ar- 
rangement of electrons in shells with eight in the outer shell, as pro- 
posed in my paper of 1916. His work leads him to believe that a 
smaller number of electrons than eight exist in the outer shells. I 
think, however, that his observations would have been otherwise 
interpreted if he had taken into consideration the fact that the atoms 
in a crystal at ordinary temperatures are in a state of motion, with 
amplitude sufficient to make the volume considerably greater than it 
would be at the absolute zero. It would be desirable if his experiments 
could be repeated with crystals at very low temperatures. 


Hydrogen and Helium. 


The kernel of the hydrogen atom is unique in that it is com- 
posed merely of the nucleus, and therefore can be considered to have 
practically no volume, and this singularity is manifested in the chemical 
behavior of hydrogen. Unlike all other atoms which enter into chemical 
compounds, its stable shell is not a group of eight but a group of 
two. When it acquires exclusive possession of two electrons it be- 
comes the hydride ion, H , which has the same structure as the neutral 
atom of helium and the positive ion of lithium. Hydride ion, as we 
have remarked in an earlier chapter, is to be regarded as entirely 
analogous to the halide ions, in each of which the stable group has 
been produced by the addition of one electron, 

When hydrogen is attached to a bonding pair it possesses more 
the character of a negative than of a positive element. Thus without 
committing ourselves to any quantitative statement, we may safely 
say that methane is more. like methyl chloride than it is like sodium 
methyl. : ; 

The hydrogen nucleus may be considered as lying very close to a 
bonding pair, and if we examine the figures of the above table we 
see that hydrofluoric acid which, except for the hydrogen nucleus, 
has the same structure as neon, is also given the same radius by both 
of the experimental methods. The same thing is true of the other 
acids and the corresponding rare gases. The exactness of the agree- 
ment is perhaps accidental, but it seems likely that a molecule of 
hydrogen halide has about the same dimensions as the halide ion 
alone would have. 

When hydrogen loses its electron pair and becomes hydrogen ion 
it is altogether without electron shells and, as we have remarked, it 
is practically without volume. It therefore does not suffer from those 
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“steric” effects to which all other atoms are subject, and may there- 
fore be presumed to be capable of an exceptional degree of mobility. 
Indeed many types of tautomerism or rapid rearrangement, both in 
inorganic and in organic chemistry, may be ascribed to the movement 
of the hydrogen nucleus, and we shall see that in many cases the 
essential structure of a molecule can best be understood if we leave 
entirely out of consideration those atoms of hydrogen which are easily 
removed as hydrogen ion. 

When an acid dissolves in our ordinary solvents it is to be sup- 
posed that hydrogen ion does not exist largely in the free state, but 
rather is held to the solvent in an “onium” complex. Nevertheless, 
we are tempted to explain some of the peculiar properties of acid solu- 
tions by assuming that the hydrogen ion is occasionally in the free state. 

The atom of helium, which is also characterized by the stable 
group of two, is also electrically neutral when in exclusive possession 
of such a group, and chemists have found no evidence of its chemical 
combination with other elements. On the other hand, the band spectrum 
of helium is interpreted by the physicists as due to a molecule con- 
taining two helium atoms. 

It was first observed by Rydberg that the spectrum of helium ap- 
pears to emanate from two different substances, which were called 
helium and parhelium. It is now known that the different spectral 
series are due to a single element, presumably in different states, and 
it is assumed that under the excitation of electric discharge an atom 
of helium may assume a form in which one electron is in the first 
shell and one is dislodged to an outer shell. In such case the outer 
electron would be expected to behave as a valence electron. The atom 
would thus resemble the hydrogen atom and might form compounds, 
not only with other similar atoms, but also with a halogen or a metal. 
It would be interesting to see whether by exciting helium in the pres- 
ence of sodium or iodine, maintained at low temperatures, it would 
be possible to isolate these extremely unstable compounds. 


Lithium and Beryllium. 


The elements of the first period of eight are characterized by a 
kernel which contains a single pair of electrons. Structures built up 
of such kernels could hardly be expected to exhibit properties which 
are altogether similar to those of structures made up of kernels, pos- 
sessing a complicated three-dimensional structure. In fact the 
properties of the elements in this first period of eight are not always 
predictable from those of similar elements of higher atomic number. 
Thus, to give a single example, the standard electrode potential, against 
the ion in aqueous solution, is greater for rubidium than for potassium 
greater for potassium than for sodium, but the value for lithium js 
higher even than that for rubidium. 

_ The great tendency of lithium and beryllium ions to form hydrates 
distinguishes them in degree though not in kind from other similar 
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elements. Whether they form definite coordination complexes in the 
Werner sense has not as yet been ascertained.t. This could be ascer- 
tained by a more thorough study of solutions in non-aqueous solvents. 
Thus through a study of the solubility of lithium salts in liquid am- 
monia in the presence and absence of water, or of the potential of 
lithium amalgam against a solution of a lithium salt in liquid ammonia, 
with and without added water, we might obtain the desired information. 

The salts of these metals in concentrated aqueous solution show 
signs of hydrolysis, which lead us to suspect that their hydroxides have 
an amphoteric character analogous to aluminum hydroxide. 

The fact has already been mentioned that beryllium chloride in the 
fused state is a poor conductor of electricity. This would seem to 
indicate the existence of more definite chemical bonds than occur in 
most metallic compounds. For the most part, however, the properties 
of lithium and beryllium compounds, like those of most metals, are 
due to the formation of ions, through the complete removal of the 
valence electrons. 


Boron. 


There is a wide gulf separating the boron from the aluminum 
compounds, and boron is usually classified as a non-metallic element. 
This does not refer primarily to the properties of elementary boron 
which, like carbon, has one form that behaves to a small degree as a 
metallic conductor of electricity, but rather to the fact that boron in 
its compounds does not part with its valence electrons. Thus the tri- 
halides of boron have very little of the character of electrolytes. We 
have seen how the molecules of a substance like boron trichloride com- 
plete the octet about the boron atom by combination, either with one 
another or with other molecules. 

In our present discussion of the elements with kernels of the helium 
type we shall find a number of compounds whose structure can not 
yet be definitely ascertained, but which seem to depart from the usual 
rules of chemical combination. Of these there are none which are 
quite so mysterious as the two hydroborons B,H, and ByHio. Using 
the old valence scheme one would have been tempted to write the two 
formule : 

et ‘gta! 
i. ee and H—B—B—B—B—H, 


Senin 
a 1 a Bg a kl 


but there are not enough valence electrons to furnish all these bonds. 
Thus if we attempt to write the formula of B,Hg, the number of elec- 
trons available permit only such a formula as 

Dr. N. V. Sidgwick has kindly called my attention to the fact that the inter- 
esting beryllium salts of the type Be;OAc (where A is an organic acid radical) 
may be fully explained as coordinated compounds in which beryllium has the 
coordination number of 4. See his note in “Nature,” June 16, 1923. 
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lal B B: H 
Wei dal 


and there is no apparent bond between the two borons. The sugges- 
tion of Eastman, which has been discussed in Chapter VII, affords 
the only explanation of this molecule which has thus far been advanced. 

Whatever may be the origin of the bond which joins the two halves 
of the molecule together, the bond is presumably a very weak one, for 
the corresponding alkyl compounds have the formula BRs, according 
to the experiments of Stock. We are reminded of the similar case 
of ethane and hexaphenyl ethane, the latter of which breaks into two 
odd molecules. It is to be remarked that no bond of the hydroboron 
type has been found in any other compound, nor has the substance 
BH, been obtained. 


Nitrogen and Carbon. 


The two features which chiefly distinguish the compounds of carbon 
and nitrogen from those of similar atoms with larger kernels are 
(1) the tightness and inertness of the bonds that they form, and 
(2) their ability to employ what we know as multiple bonds. The 
first characteristic permits the building up of complicated structures 
which are thermodynamically unstable, but which are for the most part 
very unreactive. The second characteristic is evidence of an ability 
to produce moderately stable electron arrangements by methods which 
are not available to atoms of large kernel. While it may possibly 
be desirable to assume occasionally the formation of multiple bonds 
in the case of elements other than those of the first period of eight, 
we may be sure that the idea of the multiple bond would never have 
been invented were it not for our study of the elements with kernels 
of the helium type. 

Since multiply-bonded compounds are classed as unsaturated we 
sometimes speak of the multiple bond as the cause of unsaturation, 
but this seems to me to be the very opposite of the correct view. In 
the early stage,of valence theory, when the single bond was the only 
means known of uniting two atoms, the unsaturated compounds were 
substances which could not be represented by the ordinary valence 
formule, and which might therefore have been expected to be far 
more abnormal in their behavior than was found to be the case. The 
multiple bond was invented to explain the fact that the properties of 
these substances did not indicate as high a degree of unsaturation as 
would be expected. 

If the double bond had not been invented, the only ways in which 
we could represent the structure of ethylene would be the two following ; 


(A) H:C:¢:H, (BE CyOere 


COMPOUNDS OF ELEMENTS WITH SMALL KERNELS 125 


The first of these, having an odd number of electrons on each carbon 
atom, should have the properties which we have found to be associated 
with odd molecules. A substance of such a structure would presumably 
exhibit color, form associated molecules, and be far more reactive 
than ethylene in fact is. The second formula would represent a sub- 
stance which would be not only unsymmetrical but also highly polarized, 
the right-hand portion being charged negatively and the left-hand 
part charged positively. 

There may indeed be some dissymmetry in the normal molecule of 
ethylene since we shall see that when two atoms, each characterized 
by unsaturation, are adjacent to one another, there may be a tendency 
for one of the atoms to assume a very stable state while the other 
bears nearly the whole brunt of the unsaturation. 

While it must be agreed that neither of the above formule A and B 
adequately represents the properties of ethylene, the same may be said 
also of the ordinary double bond formula, unless it is carefully ex- 
plained that the double bond implies properties very different from 
those implied by two-single bonds. If then we write the formula 


(Ceti Crk eH |. 


we may say that the actual behavior of ethylene corresponds to some- 
thing intermediate between this and the other two formule. Thus we 
may consider that, if a molecule of the form of A should at some 
moment be produced, the two odd electrons would approach and to 
some extent would conjugate with one another. But this conjugation 
would be by no means as complete as that which occurs when two 
separate odd molecules combine, with a conjugation of their two odd 
electrons to constitute a single bond. 

The exact character of this partial conjugation or partial mutual 
saturation of the two atoms can at present only be guessed. In an 
atom with a large kernel, and consequently a large valence shell, in 
which the several electron pairs are separated from one another by 
relatively great distances, we might expect that the formation of a 
double bond would cause considerable distortion of the atoms con- 
cerned. On the other hand, when the nucleus is rudimentary, as is 
the case with the elements we are now considering, we seem justified 
in concluding that the octet requirements of two atoms can be met by 
their sharing to some extent more than one pair of electrons, and 
that this sharing of electron pairs occurs without very great distortion 
of the stable structures. 

It has been suggested by Latimer and Rodebush that these atoms 
of small kernel can be satisfied with something less than the normal 
octet, namely, by a group of four, or especially by a group of six, 
but this does not seem to be a complete solution of the problem, for 
if such were the case we should expect to find monatomic carbon with 
its quartet of electrons, and monatomic oxygen with its sextet of 
electrons, to be far more stable than they are in fact. 
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We are therefore led to the conclusion that the properties of sub- 
stances with multiple bonds are due to some sharing of two or three 
electron pairs, although this sharing is probably less complete than 
that indicated by the usual graphical formula with two or three bonds. 
Nevertheless the process must be assumed to have some physical reality, 
in order to account for the existence of those isomers which depend 
upon the failure of free rotation about the double bond. 

Also for acetylene we might write three types of formula, 


H 
(A) HC Gee (By H: @:C: 4 (6) BC ae 


The formula B suggests one employed by Nef. Now since acetylene 
acts as a weak acid, the two hydrogen atoms may be regarded as mobile, 
and the two forms A and B would give the same ions, namely, 


[HPC C:\a and ecers 


We may therefore regard the forms A and B as belonging to that 
simple class of tautomers which are obtained merely by the transfer of 
hydrogen from one lone pair to another. On the other hand the alkyl 
derivatives should yield isomers, and the fact that such isomers have 
not been isolated is an argument against the structures A and B. 

However, the formula C does not express the properties of acetylene 
without a good deal of explanation. Here again the behavior of acety- 
lene seems to be intermediate between that which would be represented 
by the formula C and that expressed by one of the other formule. 
Indeed if, in formula A, we consider a pair of electrons from each 
atom drawn toward the central bond, it would be difficult to state the 
exact point at which the single bond would be converted into a triple 
bond. Of course it will be realized that in all these discussions our 
standardized formule do not very adequately represent the three- 
dimensional arrangement of the electrons in space. 

We have already commented upon the fact that the unsaturation 
of a compound containing a triple bond is less, as shown by all of 
our best criteria, than the unsaturation of a compound with a double 
bond. This is entirely at variance with the strain theory of Baeyer, 
and we are at a loss to account for it except perhaps by the assump- 
tion that the two types of molecules do in some measure approach the 
two symmetrical forms represented by the formule A for ethylene 
and acetylene. In the former case the process is attended by the 
division of an electron pair; in the second case it is not. It is not easy 
to avoid the suspicion that this fact is connected with the greater unsat- 
uration of the double bond. 

_ A discussion of the triple bond leads us to a consideration of the 
interesting properties of elementary nitrogen which has generally been 
assigned the formula N==N. This substance is distinguished by its 
very great lack of reactivity. It is also stable in a thermodynamic 
sense with respect to a great number of its compounds, which tend 
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to decompose in such manner as to evolve N2. For these reasons 
Kossel (1916) remarked: ‘‘N, is known to be very inert chemically. 
It is very little disposed to take on foreign electrons, and while it 
cannot be considered fully comparable with the noble gases, still it 
can for our purpose pass as a very stable structure. If one nitrogen 
is replaced by a carbon, a structure is obtained by which the positive 
charge is smaller by one unit, but also has one less electron than in 
the stable N2, It behaves therefore with respect to N. just as a 
halogen, according to our assumption, behaves with respect to a noble 
gas. Thus CN functions chemically as a halogen.” 

This idea has been extended by Langmuir, who has pointed out 
the great similarity in physical properties between nitrogen and carbon 
monoxide. Each of these molecules has the same number of electrons 
and the same molecular weight, and it is therefore perhaps not sur- 
prising that in their boiling point and other similar properties they 
are closely analogous. Mr. Urey has called my attention to the fact 
that the distance from nucleus to nucleus, as determined by means of 
a study of the ultrared absorption bands, is the same for both sub- 
stances, namely 1.14 x Io ® cm, 

It is possible, however, to exaggerate the similarity between the 
two gases. In their chemical properties the resemblance disappears. 
Carbon monoxide forms many addition compounds as in the metal 
carbonyls, the complexes with cuprous salts and with haemoglobin. 
However, if we are to assume precisely the same electron structure 
for N, and for CO, the latter must be electrically polarized in the 
sense that the oxygen is positive and the carbon negative, sitice in 
the neutral state the oxygen atom has one more electron than the 
nitrogen atom, while the carbon atom has one less. Such polarization 
would probably suffice to explain the difference in chemical behavior. 
On the other hand if the electrons in carbon monoxide are shifted in 
such manner as to diminish the degree of polarization of the molecule, 
the distortion of valence shells so produced might equally well account 
for the chemical reactivity of carbon monoxide. 

The particular structure which Langmuir proposed for nitrogen and 
carbon monoxide, and which had previously been suggested to me by 
Professors Bray and Branch, I do not regard as probable. Langmuir 
suggested what is essentially a quadruple bond, such that two atomic 
kernels lie together inside of a single octet. There seems to be nothing 
in the properties of these substances to necessitate such an ad hoc 
assumption. 

On the other hand we have much reason for believing with Kossel 
and Langmuir that there are substances like cyanide ion and carbon 
monoxide which have essentially the same electronic structure as 
nitrogen. To these we may add also the acetylide ion, and, with the 
reservations regarding the meaning of the triple bond which we have 
already made, we may assign to these substances the formule 


Pere OP err Ne |. fs Cit: Cr] a, 
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In accordance with this view we see that the ion CN™ is the same 
whether it comes from a cyanide or from an isocyanide. By adding 
hydrogen ion to a lone pair of the carbon or of the nitrogen we ob- 
tain hydrogen cyanide or hydrogen isocyanide, and these two sub- 
stances therefore represent the same kind of tautomerism which we 
have so frequently mentioned. By employing alkyl groups in place 
of hydrogen the corresponding isomers may be obtained. 

When we examine these four substances which have presumably 
approximately the same electronic structure we note that the last two 
are ions, that carbon monoxide on account of the difference in charge 
of the kernels must be polarized, but that nitrogen is neither polarized 
nor is it an ion, and if we bear in mind the unexpected lack of un- 
saturation which we have seen to be associated with the triple bond, 
and consider also the remarkable firmness which in general char- 
acterizes the bonds of nitrogen, we have, I believe, a sufficient ex- 
planation of the peculiar inertness of elementary nitrogen. 

We may recall that Nef ascribed the isocyanides and acetylene to 
the class of compounds with bivalent carbon. If we interpret this 
statement as meaning merely that the carbon is in the same kind of 
structure as it is in carbon monoxide, we are now in a position to 
agree with his conclusions. 

The oxides of nitrogen form an interesting and unusual group 
of compounds. Nitric oxide, NO, we have already discussed as one 
of the substances which have odd molecules. It has eleven valence 
electrons; one more than the molecule of nitrogen. Of all the sub- 
stances which have odd molecules it exhibits the least degree of un- 
saturation. It is colorless, and at ordinary temperatures does not 
associate into double molecules, although this process seems to occur 
at low temperatures. By some method which is not yet understood, 
the odd electron is obviously much more firmly held in the molecule, 
and the molecule itself is more nearly saturated, than in the case of | 
any other odd molecule. 

Professor Branch has pointed out to me that this behavior of nitric 
oxide is very closely related to the anomalous properties of the nitroso 
compounds. When NO combines with another free radical (odd 
molecule) such as an alkyl group, we should expect this union of two 
odd molecules to produce a fully saturated compound. But this is not 
the case. Not only does NO in the free state behave nearly like a 
saturated substance, but when combined with an odd molecule like 
methyl it does not appear to conjugate with the odd electron of the 
latter. So the resulting compound, although possessing an even number 
of electrons, has the properties of odd molecules. The nitroso com- 
pounds in general are highly colored, and they almost invariably tend 
ie pa double molecules, as though each single molecule had an odd 

ctron. 


The first stage in the reaction between nitric oxide and oxygen 
appears to be as follows: 


NO+ 0,=NO, 
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The assumption that this reaction is reversible at ordinary tempera- 
tures, and proceeds to a very slight extent at high temperatures, ac- 
counts for the very interesting observation that the reaction between 
nitric oxide and oxygen, to give NO, or N,O,, diminishes in speed with 
increasing temperature. The intermediate substance NOg, which is 
assumed for this reaction, can actually be isolated at low temperatures. 
It represents another type of odd molecule; it is intensely colored, and 
presumably in other ways is more unsaturated than nitric oxide. 

Nitrogen dioxide is another substance with an uneven number of 
electrons, and it shows all the characteristic properties of the odd mole- 
cules. I believe that we are hardly in a position as yet to give definite 
electron structures for these odd molecules. Presumably if there is 
any part of the molecule which is a seat of unsaturation the odd 
electron seeks that position, and to some extent conjugates in such 
manner as to reduce as far as possible the total unsaturation. 

The three remaining oxides of nitrogen, N.,O, N.O, and 
N.O;, may be represented as multiply-bonded or by the formule, 


AG es 
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Oxygen and Fluorine. 


Oxygen and fluorine are the two most electronegative elements. 
By this we mean that they are the elements which show the strongest 
tendency to complete their octets and to obtain as nearly as possible the 
exclusive possession of the eight electrons. They therefore either 
take electrons completely away from other atoms, forming ions, or 
they draw electron pairs away from other atomic centers, possibly into 
a secondary valence shell. 

For this reason it seems at first sight surprising that water and 
hydrofluoric acid are weak electrolytes. This, however, is not an 
isolated phenomenon. Hydrofluoric acid in aqueous solution is weaker 
than hydrochloric acid, water is a weaker acid than hydrogen sulfide, 
which in turn is weaker than hydrogen selenide and hydrogen telluride, 
while. the same phenomenon appears also in the nitrogen group. It 
is evident that hydrogen ion, when it adds to a lone pair of oxygen 
or fluorine, forms a firmer bond than when it combines with other 
lone pairs, and this it can do, probably because of its small size, 
without any great deformation of the normal octets of oxygen and 
fluorine atoms. The hydrogen is certainly held very close to the other 
atom; we have seen that the distance separating the two atoms in the 
molecule of hydrofluoric acid gas is probably less than 1 x 10% cm. 

The firmness with which the ions of these elements of small kernel 
hold hydrogen ion is further ilfustrated by the fact that neutral com- 

unds like ammonia and water have a far greater tendency to add 
another hydrogen ion, forming onium compounds, than the correspond- 
ing substances, phosphine and hydrogen sulphide, respectively. 
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As far as we know, oxygen and fluorine do not furnish the central 
atoms of anions as so many other elements do. However the problem 
of the structure of ozone is a very interesting one in this. connection. 
Ozone is usually given a ring formula which we may readily translate 
into an electron structure, but it has seemed to me that it may possibly 
have the form 


which would make it the analogue of sulfur dioxidet There is some 
intimation in the literature that ozone is absorbed by basic substances 
without decomposition, and if so we should regard it as the anhydride 
of an acid resembling sulfurous acid. It would be interesting to 
obtain further experimental evidence. If this view of the structure 
of ozone is correct, the fact that fluorine reacts with water to produce 
ozone might lead us to suspect that in the reaction there are inter- 
mediate substances, which would resemble the oxyacids of chlorine, 
but in which the oxygen would be taking the place of the central 
chlorine, while fluorine would occupy the outer positions which are 
held by oxygen in the other halogen acids. It is possible that experi- 
ments at low temperatures might possibly lead to the isolation of such 
compounds between fluorine and oxygen. 

The question which we have just raised regarding the constitution 
of ozone is of far greater consequence than the question of the con- 
stitution of hydrogen peroxide which is more frequently argued. The 
two formulz for ozone, the ring formula and the one of the type of 
SOs, are radically different in principle. On the other hand, the two 
formule which have been given to hydrogen peroxide, namely HOOH 
and H,O0O are to all intents and purposes identical. Hydrogen peroxide 
is an acid whose ion is expressed by the formula 


[ :0:0 ‘| tg 
Whether the two mobile hydrogen atoms go to the same or different 
oxygen atoms is unimportant. This is the same kind of tautomerism 


which we have mentioned in the case of sulfuric acid, phosphoric acid, 
hydrocyanic acid, acetylene and hydroxylamine. 


*I find that a similar suggestion has just been made by Lowry, Trans. Faraday 
Soc., 18, Part 3, page 3, 1923. 


Chapter XI. 


Elements in Positive and Negative States. 


When we speak of a negative element we can only mean an ele- 
ment which in a neutral state will take on electrons to form stable pairs 
and octets. We cannot assume that a neutral atom of chlorine exerts 
any appreciable electrostatic force upon an electron at a distance. 
We can only say that when an electron is added to a chlorine atom, 
in such a way as to complete its group of eight, a very stable system 
is produced. When-chloride ion is thus formed this ion will not 
attract but will repel negative electricity. 

Our existing nomenclature is extremely misleading. We say that 
chlorine is a negative element because it tends to take up an electron, 
and we also say that in sodium chloride we have negative chlorine, be- 
cause it has taken up an electron and has no tendency to acquire any 
more. When an atom of chlorine mstead of gaining an electron has 
lost one, we say that we have positive chlorine, although the atom then 
has a great tendency to take on two electrons. I shall not, however, 
attempt to offer a substitute for these time-honored usages which are 
probably so well understood that they will cause no serious confusion. 
Perhaps it will somewhat clarify the situation if we agree that an 
element which tends to take up electrons is a negative element, that 
when it has taken up a sufficient number of electrons it is in a negative 
state, and that when its need for electrons is not fully satisfied it is 
in a positive state. 

That the process of forming negative ions is very different from 
that which was assumed in the electrochemical theory is shown by the 
fact that a negative element, if it cannot acquire its group of eight, 
may often give up an electron in order at least to possess an even 
number of electrons in its valence shell. Thus the conductivity of pure 
liquid iodine indicates that one atom of iodine has acquired an electron 
to form iodide ion, while another has parted with an electron to be- 
come iodous ion with a group of six electrons. As a rule, however, 
both atoms complete their groups of eight by sharing an electron pair. 


The Problem of Electromers. 


Hypotodous acid is a very weak acid indeed. In its aqueous solu- 
tion it does not increase greatly the hydrogen ion concentration due to 
pure water. It probably is amphoteric and dissociates to a small de- 
gree into the ions It and OH . So the compound ICI may be regarded 
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as a very weak salt, iodeus chloride. Such considerations have led 
the proponents of the modern dualistic theory to the conclusion that 
all compounds of iodine can be regarded as containing either negative 
iodine, as represented by Is, or positive iodine, as represented by tee 
We have seen how untenable such a hypothesis is, and that it is neces- 
sary to regard the highly polar molecules as extreme examples of the 
displacement of the pair of electrons which constitutes the chemical 
bond. 

There can be no question but that iodine in hypoiodous acid is in 
a very different state from iodine in potassium iodide, and there is 
no objection to saying that it is more positive in the former sub- 
stance than in the latter, but we could exhibit a whole series of com- 
pounds which are intermediate between these types, and a classification 
of these substances into two distinct groups, one containing positive 
‘iodine and the other containing negative iodine, would be wholly 
arbitrary. 

We no longer therefore see any justification for the assumption that 
nitrogen trichloride must be either N***Cl-3, or N---Cl’;. Such a 
pair of hypothetical substances have become known in the modern 
dualistic theory as electromers,—two substances which are supposed 
to have the same atoms in the same arrangement but with a different 
distribution of electronic charges. If we admit that the nitrogen in 
nitrogen trichloride is nearer to the state of nitrogen in ammonia 
than it is to nitrogen in nitrous acid, we no longer imply that we 
must give it the second of the above formule, or that it would be 
possible to obtain another kind of nitrogen trichloride corresponding 
to the first formula. 

Nevertheless if we apply the quantum theory in any thoroughgoing 
manner to chemical combination we cannot regard the pair of electrons 
which serves as a bond between hydrogen and chlorine as capable of 
being moved in a continuous way from the one atom to the other. 
Rather we are led to assume that such a pair must occupy one of 
the finite though possibly large number of definite positions between 
the two atoms, and two molecules holding the bonding pair in differ- 
ent positions (or energy levels) might be called electromers. Thus 
an atom of hydrogen with its electron in the first energy level might 
be called an electromer of an atom which for a brief space of time 
holds the electron in one of the other energy levels. However, even 
if we assume the existence of isomeric molecules it is hardly to be 
expected that we shall be able to segregate and isolate the several 
species of molecules so as to obtain electromeric substances. 


Compounds Between Negative Elements. 


_ A negative element not only tends to acquire electrons to form 
its stable group, but also to obtain exclusive possession of the electrons 
which make up its octet. In substances of the extremely polar type 
such as calcium oxide, the oxygen may be considered to be in a state 
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of oxide ion, and thus to have acquired complete and sole possession 
of its group of eight electrons. But in the majority of oxygen com- 
pounds in which the atoms of this element are attached by chemical 
bonds, one or more of its four pairs of electrons is shared with 
another atam, and this always produces some distortion of the valence 
shell. In all such cases the oxygen must be regarded as in a more 
positive state than it is in oxide ion. 

Especially when two electronegative atoms are combined we may 
consider that a state of tension exists, in which each atom, so to 
speak, strives to obtain sole possession of the bonding pair. This 
pair is therefore drawn away from each atom more than it would be 
in the most stable form of the octet. 

In such cases it has been customary in certain quarters to state 
that one of the atoms is in a positive condition. I would amend this 
by saying that whenever two electronegative atoms are united by a 
chemical bond both atoms are in a more positive condition than when 
they are combined with electropositive elements or are in the state 
of their normal ions. 

As examples of compounds of this type we may consider Cl-—Cl, 
ClI-OH, CI-NH,, HO-OH, H.N-—-OH, H.N-—NH,, NCI, and 
other similar compounds. In all such cases those who have adopted 
the modern dualistic theory have attempted to decide which of the 
atoms is positive and which negative. It is said that chlorine is 
positive in CIOH, and there is perhaps some jusification for considering 
that in this substance chlorine is a little farther from the state of 
chloride ion than the oxygen is from the state of oxide ion, but it 
is certainly not so positive as iodine in IOH. After all, the main 
thing in all such cases is to recognize that both of the atoms con- 
cerned are in the state that we call positive, and that a state of tension 
exists that can best be relieved by breaking the bond between the 
two atoms and attaching to each atom a more naturally electropositive 
element or radical. Such a process would be classed as a reduction, 
without the necessity of telling which atom is reduced. 

Hitherto little has been said regarding the actual distribution of 
electricity within a molecule, nor would it be wise in the present state 
of our knowledge to attempt to speak with any definiteness in this 
regard. However, there are certain elementary deductions which may 
be safely drawn from our theory. 

When two atoms of chlorine combine to form the molecule Cl, 
each atom contributes half of the bonding pair, and it is to be pre- 
sumed that in the most stable state of the molecule the whole struc- 
tire is symmetrical with respect to this bonding pair. We might then 
say that the pair belongs equally to the two atoms and therefore that 
it furnishes to each atom the equivalent of one electron, which, together 
with the six electrons which each atom holds by itself, makes the 
seven of the neutral chlorine atom. 

In a purely formal way we could in other cases assign to an atom 
one electron from each of its bonds and thus obtain a value for the 
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electric charge of each atom. But this would be an entirely ae 
proceeding, taking no cognizance of the shifting of electrons whic 
we must always consider when the two sides of the bond are not 
identical, and which Reed occurs in some molecules even of a 
rical type, due to thermal agitation. ae 

Sarre this eee method of assigning electrons to the individual 
atoms would result often in ascribing charges to certain atoms. Thus 
in the numerous cases in which oxygen has but a single bond, as 
for example in the amine oxides, 


G 
Pz 
a: 


the oxygen atom furnishes neither of the electrons which constitute 
the bond. This atom has sole possession of the six electrons which 
offset the six positive charges of its kernel, and since it also has part 
possession of the bonding pair it must be considered to be in a negative 
condition. Presumably such a substance as amine oxide is therefore 
considerably polarized. In the same way a neutral substance like 
boron trifluoride may be considered to be made negative when it 
completes its octet by employing one of the lone pairs of water or 
ammonia. ce. 

In any of the numerous cases of tautomerism which consist in 
the passage of hydrogen ion from one lone pair of electrons to an- 
other, as in the tautomerism of hydroxyl amine, namely, 


ee ee H ee 
H:N:0:H = He NO: 
H Ha 


the transfer of the positively charged nucleus of hydrogen would, 
formally considered, result in an increase in the positive charge of that 
portion of the molecule to which it goes, and probably such a change 
of polarity actually occurs, although it may be largely offset by some 
displacement of the whole electronic structure. 

When hydrogen ion adds to a lone pair of electrons to form an 
onium ion we should expect from considerations of electric force alone 
that the hydrogen ion would most readily attach itself to that portion 
of a molecule which is negatively charged. We have seen that when 
one hydrogen ion or other positive radical has been attached to an 
atom, thus giving it a positive charge, this ordinarily prevents the 
formation of a second onium bond, as in the case of substances of 
the sulfonium type. It seems to be a universal rule that the tendency 
of hydrogen ion or a (positively charged) alkyl radical to add to a lone 
pair, in any part of a molecule, increases if that part is made more 
negative and diminishes if it be made more positive. 

In accordance with this rule nitrogen is less disposed to form 
substances of the ammonium type when it is in a positive state than 
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when it is more negative. Thus when nitrogen is attached to chlorine, 
oxygen or nitrogen, it combines less readily with hydrogen ion and is 
said to be less basic. Thus chloramine is a weaker base than ammonia. 
In other words, the first of the two following reactions occurs to the 
least extent: 


CINH, -- Bt = CINH,* 
Ni, 4 Aes NE 


Nitrogen trichloride is hardly basic at all. So also hydroxylamine 
and hydrazine are very much weaker bases than ammonia. 

We have seen that univalent oxygen as it exists in an amine oxide, 
in spite of its attachment to another negative element, is in a nega- 
tive state. It should therefore be able to add hydrogen ion. Therefore 
from this standpoint also we have confirmation of the view expressed 
in a previous chapter that an amine oxide adds hydrogen ion at the 
oxygen. 

The strain which-exists in a bond between two negative elements 
manifests itself in a variety of ways, and is responsible for numerous 
types of decomposition or rearrangement. Let us consider once more 
the compound formed when an amine oxide combines with methyl halide 
to produce the ion R;NOCH,*. This ion very readily decomposes in 
alkaline solution to furnish hydrogen ion and to leave formaldehyde 
and free amine. It seems to me that we can form a provisional picture 
of the mechanism of this decomposition. Representing the ion by 
the structure 


RH + 
R:N:0:C:H 
eon |, 


we may consider the bonding pair between nitrogen and oxygen as 
drawn away from the normal position of the pair in the oxygen octet. 
This struggle for electrons would tend to draw toward the oxygen the 
electrons which form the bonding pairs between carbon and hydrogen, 
so that the atoms of hydrogen would behave more like the hydrogen 
of an acid than they ordinarily do in an alkyl group. So we may 
consider that in the presence of an alkali one of these atoms of 
hydrogen occasionally is drawn off as hydrogen ion. The pair of 
electrons left free would then form a double bond with the oxygen, 
thus producing formaldehyde, and the nitrogen would take sole posses- 
sion of the former bonding pair, giving trialkylamine. Such a picture 
of the mechanism of this decomposition seems extraordinarily satis- 
factory, but in the present stage of chemistry any theory as to the 
detailed mechanism of a reaction must be considered tentative, and 
it must be admitted that there are a number of quite similar decomposi- 
tions known to organic chemistry which apparently cannot be explained 
without a far greater amount of molecular rearrangement than is 
assumed in this simple case. 
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An extremely interesting substance which is probably closely re- 
lated to amine oxide is produced when ammonia reacts with an aldehyde 
to form the compound known as aldehyde-ammonia. We may pro- 
visionally assume that the reaction between these substances consists 
in the breaking of the double bond of the carbonyl group, in accordance 
with the following scheme: 


:O: H -O: H 
RC :-N:H = R:C:N:H 


The formula of the compound as now written probably represents 
the actual structure of some of the molecules, since ammonia can be 
readily split off again. However, in this formula the oxygen is singly 
bonded as in an amine oxide, and is therefore in a negative condi- 
tion. Hence one of the labile hydrogens should wander to the oxygen, 
resulting in the molecule 


This is probably the predominant form and accounts for the carbinol 
(slightly basic) properties of the aldehyde-ammonia. If in some 
molecules two hydrogens wander to the oxygen, we have a structure 
from which water could readily be split off, leaving the imide. This 
reaction also is characteristic of this class of substances. 

By our definition of negative elements as those which show a 
strong tendency to acquire electrons to form a stable group, it is 
evident that we must regard hydrogen as a negative element. It is 
true, hydrogen rarely takes exclusive possession of a bonding pair 
to form hydride ion, but it seems to exercise a very considerable pull 
upon a bonding pair, especially in some. inorganic acids, as we shall 
see in the next chapter. 


Chapter XII. 


Remnants of the Electrochemical Theory. 


In our development of the new theory of valence we have found 
it possible to agree with Werner in many points. As the text of the 
present chapter we might use his statement: “The electrochemical 
phenomenon accompanying the saturation of principal valences is a sec- 
ondary one, and quite different from. the purely chemical one. It 
may accompany chemical change but is not a necessary consequence.” 

There are, however, numerous reactions the trend of which is largely 
and to these we shall now give our attention. 

When a typical salt is dissolved in a solvent which is not highly 
polar—for example in a solvent of low dielectric constant—it often 
shows little evidence of electrolytic dissociation. In such cases the 
undissociated molecule may be regarded as held together by the electric 
forces between its oppositely charged parts. This is perhaps the only 
type of molecule in which chemical combination is the result of purely 
electrostatic forces, in the ordinary sense. Nevertheless there are many 
other cases in which the union of two chemical species is due to the 
formation of a chemical bond, but in which the extent to which the 
union occurs is largely determined by electrostatic forces. 

We have seen that an element which is naturally quadrivalent does 
not satisfy its valence of four through the formation of an onium 
complex, if this requires the addition of hydrogen ion to an already 
positively charged ion. On the other hand, the positive hydrogen ion 
does not readily dissociate from an ion which is already negative. 
Thus hydrogen sulfide dissociates according to the equation H,S = 
H+ + HS and the dissociation constant is 107", but we find a far 
lower dissociation constant, about 107 for the ionization HS- = 
H++S-- A similar example is furnished by the two reactions, 


NH- oH = NH, 
NH, + = NES . 


While the second of these reactions is -easily reversible in aqueous 
solutions, the first runs so nearly to an end that an amide, even when 
dissolved in a very alkaline solution, is completely hydrolyzed, as far 
as we know. 

Since it is in reactions which involve the union or dissociation of 
ions that we might expect the clearest evidence of the influence of 
electrostatic forces, it is fortunate that we possess a large amount of 
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information concerning the constants of dissociation of weak acids and 
bases. 


The Strength of Acids and Bases. 


We are so habituated to the use of water as a solvent, and our 
data are so largely limited to those obtained in aqueous solutions, that 
we frequently define an acid or a base as a substance whose aqueous 
solution gives, respectively, a higher concentration of hydrogen ion 
or of hydroxide ion than that furnished by pure water. This is a 
very one-sided definition, but it will suffice for the moment while we 
consider those substances whose acid or basic properties are due to the 
presence of the hydroxyl radical. 

Let us consider a substance whose structure and modes of dissocia- 
tion are represented by the following schemes, 

oe Oates eset) + [eee 

es Os ge [ :X:02] + H* 
If the dissociation occurs chiefly by the first method, the substance 
is called a base; if chiefly by the second method it is called an acid. 
Frequently both dissociations occur, and the substance is said to be 
amphoteric. Since the product of the concentration of hydrogen and 
hydroxide ions is limited by the dissociation constant of water, a sub- 
stance in aqueous solution cannot be at the same time a strong acid and 
a strong base. 

There seems, however, to be a far more fundamental opposition 
between acid and base than the one we have just mentioned. We fre- 
quently deal with a substance like alcohol which is so weak an acid 
and so weak a base that the limitation of concentration of hydrogen 
and hydroxide ion is of no importance, and yet in such a case we shall 
probably find that almost any change in the molecule which makes it a 
stronger acid makes it a weaker base, and vice versa. 

Reverting to our type substance XOH, X may be an element or 
radical which may without difficulty lose electrons. In such case oxygen 
which strives for exclusive possession of its group of eight will break 
the bond with X and take possession of the bonding pair, thus forming 
X* and OH-. On the other hand, if X is an element or radical which 
exerts a strong pull upon the bonding pair, all of our evidence indicates 
that this produces an effect upon every one of the pairs in the oxygen 
octet, which may be regarded as a displacement toward the left. Thus 
the tightening of the bond between X and O loosens the bond between 
O and H, and the displacement of the electrons away from the hydrogen 
makes the latter more free to assume the condition of hydrogen ion. 

If we consider corresponding hydroxides of nitrogen, phosphorus, 
arsenic, antimony and bismuth, we see the effect of the diminishing 
pull of electrons by the central atom, as we proceed from nitrogen to 


bismuth. The hydroxides become progressively weaker acids and 
stronger bases. 
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Such a simple explanation accounts satisfactorily, in the main, for 
the observed strength of organic acids and bases. We have already 
discussed the case of chloracetic acid, to which we give the formula 


1B 2 O: 
CINE BICONE! 
H 


The substitution of one methyl hydrogen by chlorine produces a greater 
pull upon the electrons of the methyl carbon, and this causes a dis- 
placement which seems to occur throughout the molecule, finally pulling 
the electrons away from the hydrogen and permitting a greater dissocia- 
tion of hydrogen ion. The substitution of a second and third chlorine 
heightens the effect. 

It is not at all certain that the whole effect is produced through the 
carbon chain. If we knew how to construct thoroughly satisfactory 
spatial models of our—molecules, we might see how in certain cases 
there might be some more immediate steric effect which would exag- 
gerate the effect produced through the chain. But that the latter effect, 
passing through the molecule atom by atom, is a real one we have no 
reason to doubt. One substitution of hydrogen by chlorine in propionic 
acid gives an acid of about the same strength as monochloracetic, when 
it is an alpha-hydrogen that is replaced; but B-chlorpropionic acid is 
much weaker. Still less marked results of the chlorine substitution are 
to be seen in y-chlorbutyric and in 8-chlorvaleric acids, the latter of 
which is hardly stronger than valeric acid itself. 

Other atoms or radicals which exert a similar pull upon the electrons 
give entirely parallel results when substituted for hydrogen. An 
apparent anomaly was found in the case of the amino-acids. The group 
NH, is regarded as a highly negative radical, but the amino-acids show 
very low electrical conductivity. This phenomenon is explained in 
an entirely satisfactory manner as due to the formation of inner salts. 
In a paper by E. Q. Adams (1916) in which he makes clear a number 
of important points regarding the strength of acids, it is shown that 
under similar circumstances hydrogen ion dissociates from the carboxyl 
group to a greater extent in monoaminoacetic acid than in mono- 
chloracetic acid. But the hydrogen ion which is set free recombines, 
forming an ammonium complex with the nitrogen. There are some 
cases in which hydroxyl acids have a lower conductivity than might be 
expected, and here too we may suspect that the hydrogen ion, which 
comes from the carboxyl, forms to a slight degree an oxonium complex 
with the hydroxyl group. 

The dibasic acids make an interesting study. There has been some 
confusion existing as to the meaning of the first and second dissocia- 
tion constants. It has occasionally been supposed that these two con- 
stants are indicative of a special difference between the hydrogens of 
the two carboxyls, but this is by no means the case. Ina symmetrical 
dibasic acid the two carboxyl hydrogens may be regarded as identical 
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in properties and the chance of dissociation is the same for one as for 
the other. If the dissociation of one of these hydrogens does not affect 
the chance of dissociation of the other hydrogen, as it may not if 
the two carboxyls are very far removed from one another, then 
it has been shown by E. Q. Adams that the second dissociation constant 
of the acid will be just one-fourth of the first dissociation constant. 
He found in fact one or two cases in which the carboxyl groups were 
so completely removed from one another that this proved to be the case. 

Ordinarily, however, the two carboxyl groups profoundly influence 
one another, and since carboxyl is a negative group and exerts a pull 
upon electrons, the first dissociation constant of a dibasic acid is usually 
inuch higher than the dissociation constant of a corresponding mono- 
basic acid. This effect is the more marked the nearer the two carboxyls 
are to one another. Thus in the series of compounds with varying 
numbers of carbon atoms in a chain, and with the two carboxyls at 
either end of the chain, the first dissociation constant varies from tro~() 
for a chain of ten carbon atoms to 107 for a chain of two carbon atoms 
(oxalic acid). 

When, however, a carboxyl group has given off a hydrogen ion and 
has a negative charge, it no longer exerts a pull upon neighboring 
electrons, but behaves rather as a strongly positive group. And thus 
we find, in the series of compounds which has just been mentioned, 
that the ratio of the second dissociation constant to the first is 4%» in 
the case of the ten-carbon chain, and % ooo in the case of oxalic acid. 
The case of oxalic acid is therefore like that of hydrogen sulfide, but 
in the latter the discrepancy between the first and second dissociation 
constants is far greater still. 

The same ideas which are useful in the interpretation of the dis- 
sociation of the weak organic acids are equally applicable to inorganic 
acids. Here the problem has been very ably discussed by Latimer and 
Rodebush. The three acids of phosphorus, namely, hypophosphorous 
acid, phosphorous acid, and phosphoric acid, they agree with Werner 
in writing 


i H eee :O: 
cOn Fe O are H:O:P:0:H , H:O:P:0:H. 
o 


From the fact that these three acids are of approximately equal strength 
they conclude that hydrogen when attached to phosphorus behaves as 
a decidedly negative element and exercises at least as great a pull as 
the hydroxide radical, therefore causing approximately the same effect. 

On the other hand, they believe, contrary to the views of Werner 
that sulfurous acid is chiefly composed of molecules of the form 


nO} 
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In this formula sulfur possesses a lone pair of electrons, and this pair, 
instead of exerting a pull which would distort the oxygen octet, is 
mobile and tends to prevent such distortion. It behaves therefore like 
a positive group, and sulfurous acid is a weak acid. This distinction 
between a lone pair of electrons and a pair of electrons which, being 
attached to a negative atom, is therefore pulled away from the 
atom, accounts in a very simple manner for the great difference between 
the acids of elements in their highest state of oxidation, which have no 
lone pairs on their central atoms, and which are strong electrolytes, 
and the acids of elements in their lower stages of oxidation, which 
possess such lone pairs and are usually weak electrolytes. (The next 
to the highest acids of the halogens, such as chloric acid, seem to con- 
stitute an exception to the general rule, for which at present no explana- 
tion has been offered.) If we choose to write the formula of nitrous 
acid using no double bond, and assigning to nitrogen a sextet of 
electrons, which at least partially represents the facts, namely, 


— SO;NTO.H , 


we see that there are two possible explanations of the weakness of 
nitrous acid. In the first place, the lone pair on the nitrogen atom 
prevents that distortion of the oxygen octet which tends to set free 
hydrogen ion, and in the second place any hydrogen ion which does 
dissociate may in part be attached to the lone pair of the nitrogen, just 
as we have seen that the hydrogen from an amino-acid recombines 
with the nitrogen. It is evident that whether we write the formula 
with hydrogen attached to nitrogen or to oxygen, the ion NO, is the 
same, and the tautomerism is of the sort that we have so often con- 
sidered. Hydrogen ion will undoubtedly attach itself in the main to 
that atom with which it forms the firmest bond, and therefore in 
general, when there is more than one possible point of union, the mole- 
cule which corresponds to the weakest acid will be formed. 


The Definition of Acids and Bases. 


When we discuss aqueous solutions of substances which do not 
contain hydroxyl, it is simplest to define a base as a substance which 
adds hydrogen ion. Thus ammonia adds hydrogen ion to form 
ammonium ion, and the degree to which this occurs will vary as we 
substitute other radicals for hydrogen. Indeed if we wish, we may 
consider ammonium ion as an acid and say that its strength as an acid 
is increased when hydrogen is replaced by Cl or OH or NH,. This 
is precisely the same as saying that ammonia is a weaker hase when 
such substitutions are made. So we might go through a long list of 
organic bases and show, just as in the case of the acids, how the pull 
exercised upon electrons by the various negative radicals diminishes 
their ability to attach hydrogen ion. 

Since hydrogen is a constituent of most of our electrolytic solvents. 
the definition of an acid or base as a substance which gives up or takes 


142 VALENCE AND THE STRUCTURE OF ATOMS AND MOLECULES 


up hydrogen ion would be more general than the one that we used 
before, but it will not be universal. Another definition of acid and 
base in any given solvent would be the following: An acid is a sub- 
stance which gives off the cation or combines with the anion of the 
solvent; a base is a substance which gives off the anion or combines 
with the cation of the solvent. So potassium amide is a base in 
ammonia, while potassium chloride would likewise be called a base 
in liquid hydrochloric acid. : 

Even this very broad definition is not entirely satisfactory. We 
are inclined to think of substances as possessing acid or basic prop- 
erties, without having a particular solvent in mind. It seems to me that 
with complete generality we may say that a bast substance 1s one 
which has a lone pair of electrons which may be used to complete the 
stable group of another atom, and that an acid substance is one which 
can employ a lone pair from another molecule in completing the stable 
group of one of its own atoms. In other words, the basic substance 
furnishes a pair of electrons for a chemical bond, the acid substance 
accepts such a pair. 

In this sense all substances which have lone pairs of electrons, 
capable of employment in onium formation, are basic substances. On 
the other hand, substances like hydrogen ion, iodous ion, silicon 
dioxide, sulfur trioxide and boron trichloride are acid substances, since 
hydrogen ion will accept a pair of electrons to form its stable group 
of two, and the remaining substances will accept pairs of electrons to 
complete their stable groups of eight. Some of these substances which 
we have set down as acid are obviously basic as well; the sulfur atom 
in sulfur trioxide is acid, but the oxygen atoms in sulfur trioxide may 
act in a basic manner. 


Other Factors Determining Dissociation. 


We are not in a position as yet to give any quantitative measure to 
the pull that any given atom or radical exerts upon the electrons, and 
this is partly due to the fact that there are other factors which help 
in determining the strength of weak electrolytes. Nevertheless it is 
of interest to attempt in a rough way to arrange radicals according 
to their electronegative or electropositive character. Thus we seem 
to be justified in saying that hydrogen is more negative than a methyl 
group but more positive than a phenyl group. Methyl alcohol is a 
weaker acid than water, phenol is a stronger acid; on the other hand 
methylamine is a somewhat stronger base than ammonia, while aniline 
is a very much weaker base. 

It is, however, necessary to exercise some caution in making these 
deductions. The electrolytic dissociation is important as an index to 
the pull exerted upon electrons by the various types of atoms, but 
there are doubtless a number of independent factors which help to 
determine the degree of dissociation of a weak electrolyte. For ex- 
ample, the dissociation is largely determined by the extent to which one 
or both of the ions of the dissolved substance form complexes with 
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the solvent. This is a very important question when we are considering 
a given electrolyte in various solvents, but the extent to which hydrogen 
1on combines with water to form hydronium ion is not of much con- 
. Sequence when we are comparing a number of acids, all in aqueous 
solution. 

Even if it is to be admitted that the displacement of the electronic 
structure, which is assumed to account for the strengthening or weak- 
ening of an acid, is due to the amount of pull exerted upon electrons 
by various atoms, it is evident that the amount of this pull cannot alone 
determine the displacement of electrons with respect to the positive 
kernels, for we must also consider the rigidity of the electronic struc- 
ture. In a molecule, or in a part of a molecule, where such rigidity 
is small, or in other words where the electrons may be said to be 
mobile, a small force will produce a relatively large displacement and 
therefore largely influence their dissociation. Therefore we need not 
be surprised, when we compare two different hydroxides, to find one 
of them at the same time a stronger acid and a stronger base than the 
other. ee 
Although this is a subject which is still obscure, we cannot doubt 
that there are molecules in which the framework of electrons is very 
rigid, and that there are other molecules that are held by less powerful 
constraints. Moreover we can state in general terms the criteria by 
which we may ascertain whether or not the electrons are mobile or 
are rigidly held. In any molecule, or in any part of a molecule, which 
has those properties indicative of what we call unsaturation, the electron 
structure is in a mobile condition. 

For example, a double bond produces such a condition of unsatura- 
tion. In an organic molecule any negative radical, such as Cl, OH, NH, 
and CN produces unsaturation. And this is true when two negative 
elements are bonded together, causing that state of strain upon which 
we have previously commented. Heavy radicals, such as iodine and 
triphenylmethyl, cause unsaturation, and this is probably due in part 
to the greater disruptive force in a heavy molecule which is in thermal 
rotation. The loosening of the bond in molecular iodine and in hexa- 
phenylethane is shown both by the thermal and by the electrolytic dis- 
sociation of these substances. N¢ 

When we say that any double bond increases the mobility of the 
electron structure, we do not mean merely that the electrons which 
produce the double bond are mobile, but rather that all electrons in the 
neighborhood are less rigidly held. If we consider that every con- 
dition of unsaturation is caused by some departure from the normal 
state of the stable pair and octet, we may suppose that the system will 
assume a condition in which the total unsaturation is reduced to a 
minimum. It is probable that this condition is best satisfied, not by 
leaving most of the structure in its normal state and concentrating 
the unsaturation at one point, but rather by distributing the neces- 
sary distortion to some extent throughout the molecule. toe 

Let us give an example to illustrate the necessity of considering 
this factor of electron mobility when we are discussing the strength 


144 VALENCE AND THE STRUCTURE OF ATOMS AND MOLECULES 


of electrolytes. Methyl alcohol is a weak hase. By replacing the 
methyl hydrogens by more negative groups we should expect the alco- 
hol to become an even weaker base. But phenyl is a negative radical 
and triphenylmethyl carbinol, (C,H,),COH, is a vastly stronger base 
than methyl alcohol. Here we have an extreme instance of the loosen- 
ing of chemical bonds. The phenyl group, not only because of its 
large size and weight, but also because of its double bonds, has a large 
effect in loosening neighboring bonds. Three phenyls upon a single 
carbon atom give the very extraordinary radical triphenylmethyl, which 
is capable of free existence as an odd molecule, and which is never 
tightly held to any other radical. In the carbinol the hydroxyl group 
may be regarded as being held by a very loose bond. . 

Finally it must be pointed out that even with all these reservations 
the electrochemical effect of a given radical cannot be quite so simple 
as we have imagined it. In discussing the effect of substituted chlorine 
in the chain of an aliphatic acid we have seen that the influence of 
the chlorine becomes steadily less as the number of carbon atoms 
separating it from the carboxyl group increases. The action appears 
to be through the chain, but this view is not always tenable, as is 
shown clearly by the case of maleic and fumaric acids, namely, 


HCCOOH HCCOOH 
| and | 
HOOCCH HCCOOH 


Here the number of atoms separating the two carboxyl groups is the 
same in both acids, and we might therefore expect that the dissocia- 
tion constants would be very nearly the same. As a matter of fact 
the first constant of the cis-acid is ten times that of the trans-acid, 
showing that the two groups have a much greater influence on one 
another in the former than in the latter. This influence is brought out 
still more remarkably by the second dissociation constant. The ratio 
of the first constant to the second is 45 in the case of the trans- 
acid, but in the case of the cis-acid this ratio is 50,000. It seems evi- 
dent that there is an opportunity for spatial approach of the two 
carboxyls in the one case which is absent in the other, and that this 
approach enormously heightens the mutual influence of the two groups. 


The Rule of Crum Brown and Gibson. 


We must not leave this subject without giving some attention to the 
explanations which have been offered for the very remarkable phe- 
nomena observed in connection with substitution in the benzene ring. 
If one of the hydrogens of benzene is replaced by a radical of a cer- 
tain class comprising such groups as Cl, OH, CH,, a second substituent 
enters the ring chiefly in the ortho and para positions. These radicals 
are therefore known as ortho-para-orienting groups. On the other 
hand, there is another class of substituents which cause the next sub- 
stitution to occur _in the meta position. This class comprises such 
radicals as NO,, CN and COOH, which are known as meta-orienting 
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groups. In one of the latest attempts to explain this phenomenon, 
Stieglitz (1922), in terms of the modern dualistic theory, assumed 
that an ortho-para-orienting group makes the carbon, to which it 
is attached, altogether positive. He then makes the ortho and para 
carbons quadrinegative and the meta carbons bipositive. He thus 
assumes the enormous difference of six units of charge between meta 
carbons on the one hand and ortho or para carbons on the other hand. 

Such an extreme electrical polarization, which far exceeds any that 
. we have been assuming, should produce startling effects upon the 
strength of a carboxyl hydrogen. Indeed from all that we have seen 
in this chapter we should expect even a relatively small difference 
between the charge on an ortho carbon and that on a meta carbon to 
affect very greatly the dissociation of hydrogen from the carboxyl 
attached to the atoms in these positions. In the nitro- and chlorbenzoic 
acids we have an opportunity of testing these deductions. Chlorine 
orients in ortho and para positions. The nitro group is the type of 
meta orienting groups. If Stieglitz’ theory were correct we should 
expect the chlorbenzoic- acid to be a very strong acid in the meta ar- 
rangement, and very weak in the ortho and para. On the other hand we 
should expect ortho-nitrobenzoic acid to be very strong and meta-nitro- 
benzoic acid to be very weak. The fact, however, is that both nitro- and 
chlorbenzoic acid behave almost exactly alike. The dissociation con- 
stants for nitrobenzoic acid are: ortho, 6x 10°; meta, 3x 10+. For 
chlorbenzoic acid: ortho, 1.3 x 10%; meta, 1.6x 10+. 

Whether the negative substituent in benzoic acid is an ortho or 
meta orienting group, its effect on the strength of the acid is entirely 
analogous to the effect produced by negative groups in aliphatic acids. 
The effect is large when the negative substituent is on the atom next 
to the one which has the carboxyl; the effect is much smaller when 
the substituent is removed by one more carbon atom in the meta ar- 
rangement; and usually the para form is the weakest of all, although 
in some cases it proves to be slightly stronger than the meta, which 
might perhaps be considered evidence that there is a very slight alterna- 
tion of charge in the benzene carbons. 

It might be argued that, in both of the acids that we have been 
discussing, it is the carboxyl group which determines the electronic ar- 
rangement, but this argument can be met immediately by considering 
benzene in which two hydrogens have been replaced by carboxyls, 
giving the phthalic acids. Here again we find just such a behavior 
as would be predicted from our knowledge of the dibasic aliphatic 
acids. The first dissociation constant of the ortho acid is about five 
times that of the meta acid, while the ratio of the first to the second 
dissociation constants is 10 for the meta acid and nearly 1000 for the 
ortho acid. (In this respect ortho-phthalic acid resembles oxalic acid; 
in the former, it is true, there are two more carbons between the 
carboxyl groups, but they are atoms in which the electron mobility 
is high.) ; 

An entirely different kind of alterration in the benzene ring has 
been assumed by Fliirscheim (1902, 1905), who considers that it 
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is an alternation, not of electric charge, but of “residual affinity.” This 
residual affinity corresponds to what we have called a state of un- 
saturation. There is much to be said in favor of this. hypothesis, 
for indeed we see evidence not only of alternation within the ring, 
as shown by the fact that an ortho-orienting group is also a para- 
orienting group, but also in a chain directly attached to the benzene 
ring. Thus we see that the OH group, with oxygen attached 
directly to a benzene carbon, is ortho-orienting. The carboxyl radical, 
in which the oxygen is attached to a carbon atom once removed, is _ 
meta-orienting, while the radical CH,COOH, in which the oxygen 1s at- 
tached to a carbon twice removed, is again ortho-orienting. 

~ This whole problem is one of much difficulty. It may be re- 
marked, however, that we are dealing here with a phenomenon which 
merely concerns rates of reaction. An ortho-orienting group increases 
the rate of substitution in the ortho position. There is no evidence 
at present that the compound produced is any more stable than one 
which would be produced by the corresponding substitution in the 
meta position. 

While we may certainly conclude that electric polarization is small 
in benzene and its derivatives, nevertheless there is one point that must 
not be overlooked. All of the methods we have used to determine the 
degree of polarity of substances,—including the study of the disso- 
ciation of electrolytes——give information regarding the average state 
of the molecules. However, when a substance enters into a reaction, 
it may be only molecules in a quite exceptional state that take part. 
At the recent conference of the Faraday Society (July, 1923) all of 
those who participated seemed agreed that the average organic mole- 
cule is very little polarized, but there were some who believed that 
polarization and indeed ionization precede every reaction. This seems 
too extreme a view; even when the breaking of a bond is the first 
step in a reaction, the electron pair may be equally divided (e. g. 
hexaphenyl ethane in benzene). Yet, especially in the more polar 
solvents, a reacting atom may often get complete possession of a bond- 
ing pair, thus causing some reaction. The momentary surge of elec- 
trons that results in such polar breaking of the bond is apparently 
favored in a molecule in which the successive atoms may readily 
acquire. a large and alternating polarity. This seems to me the basis 


of the important theory of “induced alternating polarity” of Lapworth 
and Robinson. 


Résumé. 


We have seen in this chapter what a pitiful residuum is left to us 
of the once powerful electrochemical theory. While electrostatic forces 
evidently play an important part in processes of. ionization, and very 
likely also in numerous reactions which verge upon the ionic type, 
such forces are responsible neither for the fundamental arrangement 


of electrons within the molecule nor for the bonds which hold the 
atoms together. 


Chapter XIII. 


The Source of Chemical Affinity; a Magneto- 
chemical Theory. 


I believe that enough has been said to show the incompetency of 
simple electrostatic forces to account for the essential characteristics 
of chemical combination. If a final argument be needed, let us com- 
pare the atom of argon, with a positive nuclear charge of 18 and 
its 18 electrons, with the atom of potassium which has a positive 
nuclear charge of 19 and 1g electrons. It might be expected that 
the removal of an electron would be about as easy from the one of 
these atoms as from the other. Instead we find that it takes but 
4 volts to ionize a potassium atom, while it requires 15 volts to ionize 
the argon atom. An even greater disparity is found between helium, 
which has a nuclear charge of + 2 with 2 electrons, and lithium, which 
has a nuclear charge of + 3 with 3 electrons. The ionizing potential 
of lithium is 5 volts, that of helium is 25 volts, 

In our previous chapters it has occasionally been hinted that in 
place of the electric it is the magnetic properties of the atom and the 
molecule which determine their essential structure. In the present 
chapter we shall give free rein to this idea. 

In Bohr’s theory of the orbital electron each electronic orbit con- 
stitutes an elementary magnet or magneton. In the case of the simple 
hydrogen atom the electron in its first orbit, or lowest energy level, 
has the smallest magnetic moment; in the second circular orbit it 
has twice that moment; in the third it has three times that moment, 
and so on. It has been suggested that one of the quantum conditions 
of atomic structure is that in a complex atom any magnetic moment is 
either equal to that of the hydrogen atom in its most stable state or 
an integral multiple of that value. In other words, if the hydrogen 
atom at its lowest energy level is considered to have the unit of 
magnetic: moment, the moment of any other atom may be expressed 
as an integer or zero. 

If we consider two electrons in an atom, each of which has a 
unit magnetic moment, the two together may give a magnetic moment 
of 2 or o, according to whether the two elementary magnets are so 
oriented as to amplify or to nullify the magnetic effect. In his 
remarkable treatise on atomic structure (1922) Sommerfeld discusses 
the determination of atomic magnetic moments from spectroscopic data. 
I have recently had the pleasure of a personal discussion on this sub- 
ject with Professor Sommerfeld, and apparently it is safe to assert 

Ramsay (1916) suggested certain magnetic molecular models. 
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that an atom which possesses an odd number of electrons always has 
a magnetic moment, while atoms with an even number of electrons 
usually have no magnetic moment. a 

Here therefore we have very direct evidence that the pairing of 
electrons, which I have regarded as the most fundamental phenomenon 
in all chemistry, is some sort of conjugation of two magnetons, of 
such character as to eliminate mutually their magnetic moment. This 
conjugation does not always occur. In the elements of variable atomic 
kernel, such as iron, we have already seen that both chemical and 
magnetic properties indicate a lack of conjugation of the elementary 
magnets, and in such atoms Professor Sommerfeld finds that the 
spectroscopic evidence indicates the presence of several units of mag- 
netic moment. There are also some molecules, like that of elementary 
oxygen, which indicate a failure of the magnetons to couple, and we 
shall see that this is probably characteristic of the double bond. 

Nevertheless, we may state as the first law of chemical affinity 
that electrons in an atom or a molecule tend to pair with one an- 
other in such manner as to eliminate magnetic moment. The odd 
molecule therefore represents the highest degree of chemical un- 
saturation. Even the odd molecules which have been isolated in the 
free state show as a class the properties which we should expect of 
such substances. If we could work under ordinary conditions with 
such substances as free methyl, monatomic hydrogen and monatomic 
chlorine, we should find these substances to have a reactivity such as 
no existing substances possess. 

The actual disposition of the extra electron in an odd molecule 
will not be an easy matter to ascertain, but it presumably seeks that 
portion of the molecule which possesses the highest degree of un- 
saturation, and there orients itself in such manner as to reduce the 
total unsaturation to a minimum. So also an odd molecule attaches 
itself readily to other molecules, even to those which we regard as 
least unsaturated. So, for example, triphenylmethyl forms a compound 
with hexane. 

The odd molecule of sodium dissolves in ammonia or an amine to 
form a compound from which sodium ion may dissociate, leaving the 
odd electron attached to the solvent, as is shown by the investigations 
of Gibson and Argo (1918) on the absorption of light by these sub- 
stances. Monatomic hydrogen attaches itself to the hydrogen molecule 
H, to produce the odd molecule H, It has been suggested that this 
molecule of “active hydrogen” is to be represented by a symmetrical ring 
structure, but it seems far more likely that it is a loose combination 
between H and H, entirely analogous to the compound between tri- 
phenylmethyl and hexane. 

The fact that some odd molecules actually exist in the free state 
shows that there are conditions under which a molecule which has 
no magnetic moment may break into two molecules, each of which 
has a magnetic moment, as hexaphenylethane dissociates to form tri- 
phenylmethyl, and as iodine at high temperatures assumes the mon- 
atomic state. This dissociation is evidently the result of thermal 
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agitation, but there are other more obscure factors involved in that 
loosening of the chemical bond which permits such dissociation. We 
should expect that heavy radicals would be subject to a greater cen- 
trifugal force and therefore dissociate more readily, and we find that I, 
dissociates more readily than Cl,, and @,CCq@s; dissociates more readily 
than H,CCH,. But, as has been especially pointed out to me by Pro- 
fessor Branch, the loosening of the bond in hexaphenylethane is not due 
alone to the weight of the radical, but also to the unsaturated character 
of the phenyl group, that we discussed in the last chapter. If in 
hexaphenylmethane we should replace the benzene rings by hexa- 
methylene rings, the radicals would be slightly heavier than before, but 
there would be no appreciable dissociation. 

When two odd molecules, each having a magnetic moment, unite 
by the coupling of their odd electrons to form a system in which 
the magnetic moment is eliminated, the energy of the separate magnetic 
fields may be considered as set free, manifesting itself as the heat of 
combination. In general we may suppose the state of minimum energy 
to be a state of the utmost mutual neutralization of magnetic fields, 
except in so far as electrostatic forces and possibly some other factors 
of even less significance intervene. 

When all the electrons in a molecule are paired, even if we assume 
that the magnetic moment of a bonding pair and of every other 
electron pair is exactly zero, it would be neither necessary nor 
desirable to assume that the magnetic fields of the paired electrons 
completely neutralize one another. In other words, we may assume 
the complete disappearance of magnetic moment (although this has 
not yet been definitely proved), and at the same time we may assume a 
residual magnetic field emanating from the electron pair. This stray 
field we shall now consider to be equivalent to what has been called 
residual affinity, and to be responsible for that condition which we have 
spoken of as a condition of unsaturation. This residual affinity is 
therefore of a very different kind from that which would be due to 
electric polarization, where it would be necessary to assume two kinds 
of field, one emanating from a positive and one from a negative charge. 

The several pairs of electrons in an atom may arrange themselves 
in such an orientation as to neutralize still further their residual fields. 
The second fundamental principle of chemical affinity may therefore 
be stated as follows: Every atom, except that of hydrogen or helium, 
has the smallest external magnetic field, and is therefore in a con- 
dition of. maximum stability, when it possesses in its outer shell four 
pairs of electrons situated at the corners of a regular tetrahedron. The 
condition of saturation accompanying such an arrangement is best ex- 
emplified by the atoms of the argon type. The noble gases in their 
diamagnetic behavior and in their chemical inertness show a nearer 
approach to complete saturation, or lack of residual affinity, than any 
other known substances. 

Whenever such a group of eight (or group of two in the case of 
hydrogen) is effected by the sharing of electron pairs, there is a 
less complete neutralization of the residual magnetic fields, and we 
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may say that even a substance which contains only single bonds is not 
a fully saturated substance. Such single bonds as in hydrogen-hydro- 
gen, hydrogen-carbon, and carbon-carbon seem to possess the smallest 
residual magnetic fields. When one of the bonded atoms 1s that of a 
negative element the residual field is greater, and becomes specially 
pronounced when two such elements are bonded together. ; 

Whenever the symmetrical and stable structure is in any way dis- 
torted it leads to an increase in the residual magnetic field, and a dis- 
tortion produced in one portion of a molecule will ordinarily cause 
some distortion in neighboring atoms in such manner that the total 
resultant unsaturation is reduced to a minimum. Such a distortion 
we find for example in the unsaturated substances with rings of three 
and four carbon atoms. All such distortions of the molecule, with 
the accompanying increase in residual magnetism, may be considered to 
be due to the change in the relative position or orientation of the sev- 
eral pairs, or to the partial “opening up” of a single pair, and probably 
either of these effects ordinarily accompanies the other. Such a dis- 
placement of the electrons from their most stable positions may be 
taken as equivalent to what we have called the loosening of bonds and 
the increase in electron mobility. 

During the whole course of my investigations relating to the struc- 
ture of molecules a very interesting question has constantly recurred 
to which I feel unable to give a definite answer. In our discussion 
of the electrochemical properties of substances we have assumed that 
if one pair of electrons were drawn away from an atom in a certain 
direction by an element striving for sole possession of the bonding pair, 
then the remaining pairs of that and neighboring atoms would be 
drawn in the same direction by electrostatic forces. This, however, 
would place the octet as a whole in an unsymmetrical position with 
respect to the atomic kernel, and the question is whether we may not 
occasionally meet with just the opposite phenomenon in which the 
drawing out of one or more pairs from the atomic center might lead 
to a withdrawal of the remaining pairs, in such manner as to result in a 
symmetrical tetrahedron about the kernel. If three of the electron 
pairs are drawn away from an atom through union with electronegative 


atoms, the two possibilities would be represented by the following 
scheme : 


X: oO 


Thus if the three hydrogens of methyl alcohol are replaced by 
phenyl groups these will draw three pairs of electrons away from 
the carbon atom, and if we were to assume that the remaining pair 
which is the bond to the hydrogen group, were forced away. from 
the carbon atom at the same time, it might in this way be possible to 
account in part for the notably basic properties of ‘triphenylmeth l 
carbinol which we recently considered. This question is closely com 
nected with the possibility of alternation of properties in a chain of 
carbon atoms, which we discussed in the preceding chapter. 
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It may be that under certain circumstances two atoms which share 
a condition of unsaturation may reach their condition of greatest 
stability, not when the unsaturation is distributed between the two 
atoms, but rather when one of the atoms approaches its normal state 
and the other bears the full brunt of the unsaturation. Stieglitz has 
explained certain phenomena by stating that an atom tends to be- 
come wholly positive or wholly negative. While we have seen that 
the assumptions underlying such a statement are untenable, might 
we not assume that of two adjoining atoms one tends to be wholly 
saturated while the other carries the whole or the greater part of the 
residual affinity? While there are a number of facts which sug- 
gest this possibility, | have sought in vain for any definite evidence that 
such a phenomenon exists. We might consider the symmetrical and 
unsymmetrical forms of di-chlor ethane. The heat of formation as 
far as we can ascertain from existing data is about the same for 
both substances. As to their magnetic properties Pascal has shown 
that the symmetrical form is the more diamagnetic of the two, which 
seems to indicate that the unsaturation is least when it is shared 
between the two carbon atoms. 

With the exception of the odd molecules, the molecules of organic 
substances which we must regard as most unsaturated are those to 
which we ascribe multiple bonds, and especially double bonds. Never- 
theless a molecule of the ethylene type is not so unsaturated as we 
should expect it to be if we had to assume the two carbons to be 
united by a single bond, for then we should be obliged to assume 
either two odd electrons or a highly unsymmetrical and electrically 
polarized molecule with eight electrons on one carbon and six on the 
other. These facts, together with the existence of cis and trans isomers, 
lead us to assume the double bond. However, the exact physical sig- 
nificance of the double bond remains somewhat mysterious. It is 
certainly not the equivalent of two single bonds, but rather indicates 
a state intermediate between this and the condition which would exist 
if there were but a single bond and a consequent deficiency of electrons 
to make up the two carbon octets. 

Both the chemical and the magnetic properties of substances with 
double bonds show a high degree of unsaturation. The extremely valu- 
able investigations of Pascal show that the diamagnetic susceptibility 
is far less than would be calculated from the addition of atomic sus- 
ceptibilities whenever we have a double bond between carbon and carbon, 
carbon and nitrogen, nitrogen and nitrogen, or carbon and oxygen. 
The most striking case is furnished by the double bond between oxygen 
and oxygen in the molecule O,. Molecular oxygen is a remarkably 
paramagnetic substance. 

While we must recognize the extraordinary parallelism between 
diamagnetism and chemical saturation, we cannot hope to give a com- 
plete interpretation of the latter in terms ot the former until we 
possess a more adequate physical theory of diamagnetism. The simplest 
theory of this phenomenon would make the diamagnetic susceptibility 
of a molecule proportional to the total number of electrons in all the 


| 


152 VALENCE AND THE STRUCTURE OF ATOMS AND MOLECULES 


shells of its several atoms. This, however, is certainly not the case, 
although it is found that the diamagnetism of an atom increases roughly 
with the atomic number. Thus according to Pascal, the accompanying 
table gives the atomic susceptibilities of'a number of elements. It is 


TABLE 


Atomic SUSCEPTIBILITIES (X 107‘) 
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evident that there is no simple relation between the susceptibilities and 
the number of electrons. 

The simplest theory of paramagnetism would be that this phe- 
nomenon is non-existent except when the molecule has one or more 
units of magnetic moment. The susceptibility measured by the ordi- 
nary methods would be the algebraic sum of the susceptibilities due 
to the diamagnetic and the paramagnetic behavior of the molecule. 

The idea that the magnetic moment of an atom or molecule can 
change only by integral steps is no essential part of our magneto- 
chemical theory. As far as concerns the facts of chemistry and many 
of the facts of magnetism, it would be simpler to assume that any 
condition which causes unsaturation by opening up the condensed mag- 
netic system, of electron pair or octet, produces some increase in para- 
magnetism, thus diminishing the diamagnetism which would be attained 
in the absence of any magnetic moment. 

On the other hand, the assumption that the magnetic moment can 
occur only in discrete units would lead us to believe that diamagnetism 
is diminished in some unknown way whenever there is a distortion 
of the normal magnetic system, and that as this distortion increases a 
new phenomenon may suddenly appear, when the distortion reaches the 
point of setting up a magnetic moment. 

These are questions which we ought soon to be able to decide 
by experiments of the type of those of Stern and Gerlach, but our 
present information is inadequate. It is to be noted that any experi- 
ment depending upon the observation of the average properties of a 
large assemblage of molecules might indicate a gradual increase or 
decrease in total magnetic moment without necessarily discrediting the 
theory of discontinuity in magnetic moments, for there might be a 
tautomeric equilibrium between molecules having a magnetic moment 
and others having none. The experiments might merely indicate a 
change in the relative amounts of the two tautomers. 

Undoubtedly the molecule of oxygen possesses a magnetic moment 
and it seems probable that this is also true in other types of double 
bond. We could assume the double bond of ethylene broken in such 
manner as to give an odd electron to each carbon atom, so that each 
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atom would have a magnetic moment. But this is not the only way in 
which such moments could be set up. We have spoken several times 
of the possibility that the electrons in the atom may under certain 
circumstances be removed from the primary to a secondary valence 
shell. If we were to employ the analogy of the hydrogen atom as 
portrayed by Bohr, we might consider that a single electron in the 
first valence shell would have one unit of magnetic moment, but in 
the second shell might have two units. If one electron of each of 
these types were then to conjugate we might have a pair of electrons 
differing from an ordinary electron pair in that it possessed a resultant 
magnetic moment of one unit. 

However, any answer to these questions must at present be specu- 
lative and need not greatly concern us, for it is sufficient to our present 
purpose to recognize that anything which diminishes the diamagnetism 
of a molecule increases the residual affinity or the condition of 
unsaturation. 

As compared with the double bond, a triple bond produces very little 
diminution mn diamagnetism. This is shown not only by the investiga- 
tions of Pascal on compounds containing triple bonds between carbon 
and carbon, and carbon and nitrogen, but also by the diamagetism of 
the nitrogen molecule itself. Substances with triple bonds represent 
relatively saturated structures. 


Conjugation. 


In the course of this book we have been using the word conjuga- 
tion in what are apparently two different senses. We have spoken 
of that conjugation of two double bonds which diminishes the un- 
saturation of a molecule, and we have spoken of two odd electrons, 
each having a magnetic moment, conjugating to produce a couple which 
is largely self-contained magnetically, and possesses little residual 
magnetic field. We are now in a position to assert that these two 
meanings are identical, and may say that every process which leads 
to a partial neutralization of molecular magnetic fields is a process 
of conjugation. It probably would not be far from the truth to 
state that nearly every chemical process occurs in such manner as 
to increase the net amount of conjugation. , 

When two unpaired electrons combine to form an electron pair 
we have an extreme type of conjugation. When four of these pairs 
arrange themselves at the corners of a regular tetrahedron, in order 
to neutralize further their residual magnetic fields, this also is con- 
jugation. When any distortion of such a symmetrical structure is re- 
lieved, there is again conjugation. When a molecule rearranges so 
that the loose bond between two negative elements is broken and 
firmer bonds are produced, there is marked conjugation. Also in 
-the conventional sense of the organic chemist we may say that when 
two pairs of doubly bonded carbon atoms are separated by a single 
bond the molecule is able to rearrange itself, to diminish the strong 
residual magnetic fields and form a conjugated system. 
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There is every indication that the effect which we call residual 
affinity or stray magnetic field manifests itself but a short distance from 
the seat of unsaturation. We may therefore conclude that when two 
residual fields, which in our method of writing chemical formule 
appear to be widely separated, conjugate with one another, there is a 
spatial arrangement of the molecule which brings the two centers of 
unsaturation close together. The possibility of such approach will 
often determine whether or not conjugation occurs, and we see in 
maleic and fumaric acids, which we discussed in the last chapter, two 
substances which would doubtless behave alike were it not for the 
opportunity of conjugation afforded in the cis form. 

Benzene is the typical highly conjugated system. It not only shows 
little chemical reactivity, but it also shows, according to Pascal, hardly 
any of the diminution of diamagnetism which would be expected of 
a system containing double bonds. From its chemical and magnetic 
properties, it seems to me that we can state with certainty that the 
unmodified Kekulé formula is not the true formula for benzene, 
which undoubtedly has a more compact molecule than that formula 
would imply. 

We have seen, in Figure 24, the electron arrangement which Hug- 
gins has proposed for the benzene molecule. Whether this model is 
correct we cannot at present say, but it seems certain that either this 
or some similar structure will prove to express best the various prop- 
erties of the benzene ring. Perhaps the true formula will be found 
to be one which is in some respects intermediate between this model 
and the one of Kekulé. The symmetry of the benzene structure un- 
doubtedly permits a degree of conjugation which would not other- 
wise appear. Indeed we find that dihydro- and tetrahydrobenzene are 
far more unsaturated, chemically and magnetically, than benzene itself. 

One of the most interesting types of conjugation is that which 
occurs in the carboxyl radical. The ordinary formula given to an 
organic acid, 


R 
©:= GOH* 


would indicate the existence of a typical double bond between carbon 
and oxygen. On the other hand we have a large amount of evidence 
that this is not a typical carbonyl union. Various physical methods 
that have been applied to organic substances indicate this. Pascal 
shows that the diamagnetism is much greater than would be predicted 
for a carbonyl compound. Certain chemical facts further support 
this view. We have seen that elements like silicon and sulfur rarely 
if ever, exhibit the double bond, but in the carboxyl radical we may 
substitute silicon for carbon or sulfur for oxygen. 

The conjugation apparently may occur in two ways: either two 
carboxyl groups may conjugate with one another, or if this does 
not occur, a single carboxyl group attains by itself a condition which 
is far more saturated than can be represented by a formula with a 
double bond. The conjugation between two carboxyl groups may 
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occur when both are in the same molecule, and the facts presented in 
the preceding chapter indicate such a conjugation between the two 
carboxyls of maleic acid. It may also occur when the two carboxyls 
are in different molecules. A substance like acetic acid is dimolecular, 
not only in the liquid state, but also to a very surprising degree in 
the gaseous state. The union between the two molecules must almost 
certainly occur at the carboxyl groups, and these two groups are to 
be regarded as held together by a conjugation of some. sort. 


Fic. 26.—Conjugation of the Carboxyl Group (Huggins). 


As to conjugation of a single carboxyl, Huggins has offered a 
suggestion which is interesting and which may come very near to 
representing the truth. This model, with slight alterations, is shown 
in Figure 26B, while Figure 26A represents the structure ordinarily 
assumed. In both cases each black circle indicates a pair of electrons. 
The change consists in bending the OH group until the hydrogen is 
equally placed between the two oxygens, and the whole radical is 
symmetrical, so that there is no longer one doubly bound and one 
singly bound oxygen. The known facts regarding the isomers of sub- 
stances of this type strongly support such a theory of conjugation. If 
we replace one oxygen in carboxyl by the NH group we might expect 
two isomers, namely, 


R R 
EUN 22 COT, HNC = 0, 


Such isomers are entirely unknown, nor would they be expected from 
the formula of Figure 261, for the acid hydrogen would belong equally 
to the oxygen and the nitrogen. (The other hydrogen must ordinarily 
remain attached to the nitrogen, for its transfer to the oxygen would 
mean very large electric polarization.) 

Conjugation in the carboxyl group seems to be closely paralleled in 
certain tautomeric substances containing a chain of three carbon atoms, 
in which the traditional method of writing organic formule shows a 
mobile hydrogen attached to one of the outer carbon atoms while the 
remaining two are united by a double bond. However, in an extremely 
convincing paper just presented by Thorpe and Ingold before the Inter- 
national Union of Pure and Applied Chemistry (1923), it is shown 
that in substances of this type, such as the glutaconic acids, the normal 
structure of the molecule must be a symmetrical one in which the mobile 
hydrogen is equally shared by the a- and y- carbon atoms. 

In all such cases of conjugation it is evident that we are dealing 
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with conditions which cannot be adequately represented either by 
old-fashioned bond formule or by mere translation of the old formule 
into our present theory, by substituting electron pairs for bonds. In- 
deed even in such models as those of Figure 26, we must remember 
that the tetrahedra which are introduced to facilitate visualization of 
the model have no real existence. A true picture of a molecule would 
show only the positions and orientations of the atomic kernels and the 
electrons. It is further to be borne in mind that no one model could 
adequately represent the structure of a substance in which there is 
tautomerism between various molecular structures. 

Not only may double bonds conjugate with one another, but one 
double bond may conjugate with any other source of residual affinity. 
Such a conjugation with hydroxyl we have just discussed in con- 
nection with the carboxyl group. An essentially similar conjugation 
is assumed by Fliirscheim in his theory of substitution in the benzene 
ring. There it.is assumed that the residual affinity of the first sub- 
stituent conjugates with the adjacent double bond in such manner 
as to alter the original conjugation of the benzene ring. That the latter 
is in an extremely labile condition, is shown by the fact that the small 
change in residual field produced by the mere exchange of a methyl 
group for a hydrogen suffices to alter the state of conjugation. 

Any bond between carbon and a halogen produces a large residual 
magnetic field, as is well shown by Pascal’s discovery of the lack 
of additivity of the diamagnetism of organic substances containing 
halogens. The possibility of conjugation between a carbon-chlorine 
bond and a double bond is illustrated when the four hydrogens of 
ethylene are substituted by chlorine. The compound Cl,C = CCl, 
shows a far lower degree of chemical reactivity than is usually found 
in molecules with double bonds. We have noticed several facts which 
show that what we call a triple bond is more saturated than a double 
bond. We are thus able to understand a peculiar form of conjuga- 
tion which apparently consists in the conversion of a double bond into 
a triple bond. The conversion of diazo-compounds into diazonium 
compounds seems to belong to this category. The probable course of 
this reaction is indicated by the following scheme: 


ees : 
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In whatever manner conjugation occurs, we must realize that if a 
system possesses two or more sources of unsaturation, the total 
unsaturation may be the sum of that due to the separate sources, but 
will be less whenever there is any opportunity for such spatial re- 
arrangement and reorientation as will serve to neutralize the residual 
magnetic fields. Indeed it is the process of such rearrangement that 
we know as conjugation. 


Chapter XIV. 


The Discontinuity of Physico-Chemical Processes. 


Attempts to apply quantum theory to chemical reactions have been 
largely limited to a study of reactions produced by light and of the 
light set free by chemical reactions. It has long been known that 
numerous photochemical reactions which occur in the presence of blue 
or violet light occur to a far more limited extent or not at all in 
red light. So also many reactions which are not produced by visible 
light take place upon exposure to ultraviolet radiation. 

If one or more- of the reacting molecules must receive a certain 
quantity of energy before it can react, then we should expect from 
quantum theory that no exposure to radiation, no matter how pro- 
tracted, would cause the reaction to occur, unless the frequency of 
the radiation were high enough to make hv as large as the energy re- 
quired by the reacting molecule. It is true no case is known of a 
typical photochemical reaction which occurs rapidly with light of a 
given frequency and which does not occur at all with light of a little 
lower frequency. Nor perhaps is this ordinarily to be expected, since 
different molecules, owing to thermal agitation, would require some- 
what different amounts of energy to reach a condition in which they 
would react. 

The interesting idea has been suggested by W. C. McC. Lewis 
(1916) and by Perrin (1919) that all chemical feactions are photo- 
chemical in character They assume that a molecule does not react 
until it becomes activated by radiant energy of a certain minimum 
frequency. This light may come from outside the system, as in the 
typical photochemical process, or it may exist in the interior of the re- 
acting system as thermal radiation. The relative content of high 
frequency radiation, in general thermal radiation, increases very rapidly 
with the temperature, and it has been shown by Lewis that his as- 
sumption leads quantitatively to an equation which agrees with the 
equation that Arrhenius obtained for the change in reaction velocity 
with the temperature. 

The assumption that every simple chemical reaction is accompanied 
by the absorption of light of one frequency and the emission of light 
of another frequency enabled Perrin to give a beautiful explanation 
of the phenomeria of photo- and thermo-luminescence. Nevertheless in 
spite of the great value of this work in pointing out the influence of 
radiation in chemical phenomena, we cannot adopt the main conten- 
tion that reactions are due solely to the influence of light and not 
at all to the molecular bombardment due to thermal motion. 
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This is perhaps sufficiently shown by a consideration of those. oan 
phenomena which we may regard as the prototypes of all ea 
processes, namely, the resonance and ionization of gases. These phe- 
nomena are known to be caused either by radiation, or by moving 
electrons, or by alpha particles, and they presumably can be caused 
by any other kind of molecular bombardment. 


The Discontinuity of Chemical Processes. 


If we were to consider any one philosophic idea as the leading 
principle in the scientific thought of the last two generations it would 
be the belief in the continuity of nature. The concept of energy and 
of its flow through material systems and through free space, the de- 


Reaction Rate —> 


Kinetic Energy of Activating Electrons —~> 


Fic. 27.—Synthesis of Ammonia by an Electron Stream. 


velopment by Maxwell of the idea of the electric and magnetic fields, 
with the discovery of relativity by Einstein, all contributed toward 
a marvellously simple picture of the universe, based upon the under- 
lying theory of extension in a continuum. 

Chemists and physicists, when they have plotted their experimental 
data and have obtained curves with breaks corresponding to no obvious 
discontinuity in the system studied, have attributed such breaks to 
experimental error. In nearly all cases this explanation has been justi- 
fied, but there are instances, and these are now becoming more numer- 
ous, in which such broken curves are found to possess real significance 
even in systems which seem to possess no apparent source of dis- 
continuity. Professor Olson and Dr. Storch have kindly permitted 
me to reproduce in Figure 27 some of the curves which they are about 
to publish, giving the results of their study of the union of nitrogen 
and hydrogen, to form ammonia, in the presence of a stream of electrons. 
The ordinate gives the rate of the reaction, and the abscissa the kinetic 
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energy of a constant number of moving electrons. As the latter 
changes gradually the former changes in a manner which indicates at 
first sight a series of very inaccurate experiments. The successive 
steps in the curve, however, are real and have been reproduced at will. 

Such a result is not essentially different from that which is observed 
in the resonance and ionization of a simple gas. The fact that 
electrons moving with a velocity less than a certain critical velocity, 
or that radiant energy with a frequency less than a certain critical 
frequency, produce no change in a molecule, while a slightly higher 
velocity or a slightly higher frequency of light produces a profound 
change in the molecule, must be regarded as one of. the cardinal facts 
in all chemistry. 

As far as we can see, a hydrogen atom which is in the first 
or lowest energy state can undergo no change whatsoever unless 
it can acquire a quantity of energy sufficient to raise its electron from 
the first to one of the other fixed energy levels, or to remove it altogether 
from the atom. May we not therefore conclude that a similar state- 
ment is true of any molecule, and that every reaction, no matter how 
complicated, takes place in one or more definite steps? Radical as 
such a conception is, we may show that many of the chemical ideas 
which have been developed and stated in terms of the continuous 
theory may be readily translated into the language of the discontinuous 
theory. 

We have often had occasion to speak of tight or loose bonds, or 
of electron pairs which are held in position by large or small constraints. 
In the older theory this would imply a mechanical system in which 
gradual displacement from an equilibrium condition would build up a 
restoring force. The ratio of the restoring force to the amount of 
displacement would measure the magnitude of the constraint, so that 
a tight bond would be one in which a slight displacement would cause 
a large force of restitution. We could express this same idea in an- 
other way by calling an electron pair mobile when held by small 
constraints. 

In the theory of discontinuity there would be no such thing as a 
gradual displacement within a molecule. The molecule must be in 
one or another of a series of states with finite differences in energy 
and in other properties. However, if we consider once more the case 
of the simple hydrogen atom, we note: that a large energy change is 
required to remove the electron from the first to the second energy 
level, but if the electron were in the twentieth level it would take 
but a small amount of energy to raise it to the twenty-first, or indeed 
to any of the infinite number of higher levels, or to drive it completely 
away from the hydrogen nucleus. If we choose to employ the older 
phraseology we may say that the electron is held tightly in the lower 
energy levels and loosely in the higher levels. 

In general we may conclude that when we speak of a loose bond- 
ing pair, or when we say that a molecule or a certain portion of a 
molecule is in a mobile condition, we mean that a state exists in which 
small increments of energy suffice to cause a transfer to other neigh- 
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boring states. The loosening and the eventual rupture of the bond 
in the molecule of iodine or of hexaphenylethane may be considered 
analogous to the resonance and eventual ionization of the atom of 
hydrogen. 

But while there are some molecules like the hydrogen atom, or the 
argon molecule, or the methane molecule, which in their most stable 
states are far removed in energy content from the next possible state, 
there are others in which even the most stable state is not very differ- 
ent from other possible states, so that even a mild excitation such as 
can be produced by light of low frequency, or by a moderate tempera- 
ture, gives rise to a number of different molecular states. The 
molecules belonging to these several states could be called tautomeric. 

Let us consider a chemical reaction which involves merely the re- 
arrangement of a molecule, such as the conversion of one optical isomer 
into the other. Such racemization will occur more rapidly the looser 
the structure is. In other words, the reaction is rapid when a slight 
molecular impact, or thermal radiation of low frequency, both of which 
are associated with a low temperature, suffice to carry the molecule 
through the several energy levels to the second stable state. 

Probably the majority of chemical reactions, even those which 
eventually lead to the evolution of large amounts of energy, require 
some initial excitation of the molecule, and it undoubtedly frequently 
happens that a system must be lifted far above its original energy 
level before it can fall into a still lower energy level. A catalyst may 
be regarded as any substance which, by forming a complex with one 
of the reacting substances, or by any other means, introduces other 
series of energy levels which permit a short-circuit of the normal 
path of the reaction, in such manner as to diminish the amount of 
excitation required. 


Color. 


_ The older theory furnished an extremely happy explanation of the 
origin of color and its relation to the chemical properties of substances, 
as I attempted to show in my paper on the “Atom and the Molecule.” 
According to that view, an electron in a position of constraint possesses, 
like any other elastic system, a natural period of vibration,—this fre- 
quency being proportional to the magnitude of the constraint. Light 
which has this same period of vibration is capable of imparting energy 
to the electron resonator, and thus the electron absorbs light in that 
part of the spectrum which corresponds to its own natural frequency © 
In the majority of substances the electrons are held so tightly that 
their natural frequency falls in the ultraviolet region, and these are 
therefore incapable of absorbing visible light. In other words they 
are colorless. But under conditions which loosen the constraints within 
the molecule the frequency of the electrons is lowered until it cor- 
responds to a visible frequency. The substance thus absorbing some 
part of the visible spectrum, and letting through other parts, is said 
to be colored. ; 

Since those changes in the condition of a molecule, such as the sub- 
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stitution of one radical for another, which are known from chemical 
evidence to loosen the structure of the molecule, and to render it more 
unsaturated and more reactive, prove to be the same-kind of changes 
that convert a colorless into a colored substance, or which convert a 
substance with absorption in the violet into a substance with absorp- 
tion in the red, this explanation of color seemed to be eminently sat- 
isfactory. Nevertheless the idea of a vibrating electron seems to be 
one which is not only alien to, but essentially incompatible with, the 
spirit of quantum theory. 

Fortunately the new theory of the discontinuity of chemical states 
furnishes a very similar and equally satisfactory explanation of color. 
When a molecule is in a state such that it may be changed to an- 
other state by a quantity of energy which, when divided by the Planck 
constant h, gives a number corresponding to the frequency of visible 
light, the substance is colored. Any process by which a colorless sub- 
stance is converted into a colored substance may be regarded as one 
in which the molecule may be changed from one energy state to another 
state of only slightly different energy. In other words, with a new 
interpretation of our terms, we may still say that a colorless sub- 
stance is converted into a colored substance by a loosening of the 
electronic structure. 

If we consider the halogen group, we may assume that the color of 
the molecules of these elements is due to the looseness of the bond, 
and the pair of electrons which constitutes the bond may be considered 
as passing from one energy position to another during the absorption 
of light. The bond is weakest in. the case of iodine, and here we have 
absorption of red light. As we pass through bromine and chlorine we 
see evidence of a tightening of the bond, and in fluorine, where we 
say that the bond is tightest, only thé extreme violet end of the spectrum 
is absorbed. 

All colored substances are highly unsaturated and correspond to a 
low state of conjugation. All known odd molecules, except nitric oxide, 
absorb light in the visible region. Most organic substances which 
absorb light are those which contain double bonds. The benzene ring 
itself is too highly conjugated to absorb visible light, but in the quinoid 
form, which is far less conjugated, we find a configuration which almost 
invariably causes color. 

The great majority of compounds of the elements of variable kernel, 
which appear in the transition regions of the long periods of the 
Mendeléeff table, are colored. Here we have a case where even the 
levels corresponding to inner and outer shells do not differ much 
in energy. This is shown by the small amount of energy required 
to effect the oxidation or reduction of such compounds. Thus a mild 
oxidizing agent suffices to change a ferrous into a ferric salt, although 
this involves the transfer of an electron from the iron kernel. 

According to the theory of discontinuity, every absorption band must 
consist of a series of absorption lines, except for the blurring effect 
due to thermal agitation; and each of these lines must correspond to 
the change of a molecule from one definite energy state to another. 
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It is evident that in many cases there must be a very large number of 
neighboring energy states. Only in such a way can we account for 
the highly complex .absorption spectrum .of ‘a substance like iodine. 
Even in the case of the simple atom of hydrogen we are obliged to 
believe. in the existence of an infinite. number ;of energy levels, all 
of which, except the few lowest members, correspond to nearly the 
same energy. . In a molecule containing a number of atoms, and many 
electrons, the complexity of the system of energy levels is presumably 
far greater. In a molecule which is highly unsaturated we may 
assume -that: even the most stable state is one of many states which 
are very. near to one another in their energy content. But in the case 
of a highly saturated or highly conjugated system we may assume 
that the normal state of the molecule cannot be changed without. a 
large. addition of energy. c are 

Just as the absorption of visible light is an index'of a very loose 
electronic structure, so we should expect from the Einstein principle 
that similar conclusions could be drawn from the reaction between 
a molecule and a moving electron. The fact that iodine vapor absorbs 
visible light would lead us to predict that a slow-moving electron would 
be able to: cause a change in the energy:state of the iodine molecule. 
Such a reaction might involve the attachment of the ‘electron to the 
iodine, forming a negative ion, or it might simply mean an inelastic 
collision which would deprive ‘the -electron of a part of its kinetic 
energy. s 

Both of these phenomena doubtless occur, and we are beginning to 
get very valuable data concerning the movement of electrons in various 
gases. All of these experiments indicate that moving~electrons stick 
to, or are retarded by, those molecules which also give chemical, optical, 
and magnetic evidence of unsaturation. Thus by assuming that elec- 
trons stick to molecules of a halogen, Gibson and Noyes (1922) have 
offered a very plausible explanation of the disappearance of character- 
istic metallic spectra in flames when free halogens are present. -The 
mobility of electrons has been shown by Wahlin (1922) to be greater 
in ethane than in ethylene and greater in ethylene than in: chlorine. 
This is also the order in which we would place these substances with 
respect to their degree of saturation.’ Likewise we should expect 
the mobility of electrons to be far greater in a noble gas than in 
any other type of gas, and this has been proved experimentally by 
Townsend and Bailey (1922). oe 


The Future of Quantum Theory. 


In that old American institution, the circus, the end of the ‘per- 
formance finds the majority of spectators satiated with thrills and 
ready to return to more quiet pursuits. But there are always some 
who not only remain in their seats but make further payment to 
witness the even more blood-curdling feats of the supplementary 
per formance. 


Our own show is now over, and I-trust that the majority of readers 
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who-have had the patience to reach this point will now leave the tent; 
for what I am about to say is no longer chemistry, nor is it physics, 
nor perhaps is it sense, But since we have been obliged here and 
there to take cognizance of the entering wedge of scientific bolshevism, 
which we call quantum theory, or the theory of discontinuity in nature, 
I cannot refrain from attempting to forecast some of the logical con- 
sequences which must tollow from the new facts that have been dis- 
covered and the interpretation which they have been given. Such a 
forecast must of necessity be of the crudest sort, and can hardly do 
more than indicate the magnitude of the revolution in scientific thought 
which probably must occur before physical science can’ once more be 
a homogeneous whole, free from.the most glaring inconsistencies and 
contradictions. 

Two quantitative methods have been available to scientists. One 
consists in counting and the othér consists in measuring. The former 
has been the basis of the theory of numbers, the latter has led to 
the development of geometry. The first of these sciences has been 
the mere plaything of abstruse mathematicians ; the second has become 
the working tool of the scientist and the engineer. Geometry is based 
on the theory of the continuum, and so also is the closely related science 
of calculus. We have been taught that an integration of the in- 
finitesimal elements of a continuum may be approximately replaced 
by a summation of finite terms, but that the former method is exact 
and absolute while the second gives but an approximation. Are we 
not now going to be obliged to reverse this decision and to recognize 
that the branch of mathematics which will come nearest to meeting 
the needs of science will be the theory of numbers, rather than a theory 
of extension, and that measuring must be replaced by counting? 

The mathematics of hydrodynamics is based on the theory of 
the continuum. It is admirably suited to express the behavior of sub- 
stances like water and air. Nevertheless, the method is entirely an 
approximate one, for water and air are not continua but are com- 
posed of discrete molecules. Hydrodynamics could not account for. 
such a phenomenon as the Brownian movement. 

The methods of hydrodynamics were taken over into the field equa- 
tions of electromagnetics. An electrostatic field, regarded as a con- 
tinuum, is defined by the force exerted upon an infinitesimal test charge 
placed within it. But an infinitesimal test charge is a concept which 
we can no longer hold. The smallest charge is the charge upon a single 
electron, and if we use the electron as a test charge to determine 
the properties of the simplest possible electric field, namely, the field 
about a hydrogen nucleus, we appear to find that this field is not a con- 
tinuum but is strikingly discontinuous. As far as we are aware, the 
electron cannot exist except in one of a series of levels, and whether 
the idea of motion of an electron from one level to another has any 
meaning is somewhat doubtful. As far as we can see, it disappears 
from one level and appears at another. In this simple system what has 
become of electric force? We might get something approximating 
to the idea of force by dividing the energy difference between two 
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levels by the distance between the levels, but in such a microcosmos 
what assurance have we that the very idea of distance has any sig- 
nificance? Should we not say perhaps that the distance between the 
first and the third levels is 2, and that the difference between the first 
and the seventh levels is 6? 

Granting that the “field” about a positive particle has at least some 
elements of discontinuity, and that perhaps this may be true also of 
the field about an electron (provided that these two ideas are dis- 
tinguishable), then since every electric field is a resultant of the fields 
of these elementary particles, every electric field must have properties 
of discontinuity. Instead of thinking then of an electric field as a 
continuum, we should rather regard it as an intensely complicated 
mesh composed of all the discontinuous elements due to the single ele- 
mentary particles. Even if this view is correct, we need not for ordi- 
nary purposes hesitate to use the equations of Maxwell any more than 
we hesitate to employ the inexact methods of hydrodynamics in ordi- 
nary problems. 

An observer, moving rapidly past an electrostatic field, finds that 
it is also a magnetic field, and if the electric field is. discontinuous, 
so is the magnetic. We need not abandon the brilliant idea of Maxwell 
that light is an electromagnetic phenomenon, nor need we doubt the 
approximate validity of his equations of the propagation of electro- 
magnetic waves, provided that we consider them to have merely statis- 
tical value. But when we consider the light emitted not from a great 
aggregate of atoms but from a single atom, we may be sure that 
this is something very different from that which is assumed in the un- 
dulatory or electromagnetic theory. It probably bears to the electro- 
magnetic wave a similar relation to that between a molecule of water 
and a quart of water. On the other hand numerous attempts to re- 
turn to a corpuscular theory of light have hitherto failed to account 
adequately for the phenomenon of interference. At present we may 
say that we have no adequate theory of light. 

The recognition that electric and magnetic fields are essentially dis- 
continuous leads us to suspect that there is no such thing as a con- 
tinuous field of force; that a gradual acceleration accompanied by a 
gradual increase in kinetic energy is something which does not exist 
in nature. Rather we should consider that every system passes by 
steps, which may be small but are nevertheless finite, from one energy 
state to another, 

Finally we might even suspect that space and time could better 
be treated as discontinuous than as continuous, and represented by a 
counting method rather than by the methods of a continuous geometry. 
We might still call such a mathematical representation of space a 
geometry, but it would be of a very different sort from any existing 
geometry,—whether Euclidean or non-Euclidean, metrical or non- 
metrical. Its elements would be nothing but points and groups of 
points, and a distance would always be an integral number. With 
relation to some one point, other points would be classified according 
to whether they were separated from it by one step or two steps or 
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n steps; and we might have a certain number of points in the class 
removed by one step, another number in the class removed by two 
steps, and so on. 

I hoped at one time to be able to find such a network geometry 
which, when the mesh was made exceedingly fine, would approximate 
to the properties of Euclidean. geometry, but I am now convinced 
that such an attempt is hopeless. On the other hand, if we should 
consider a single atom, we might be able to state that this atom by 
itself determines a space which has just such properties of a network, 
which we might represent by 1 central point, 4 points of the class 
once removed, 9 points twice removed, 16 points in the third group, 
and 25 in the fourth. If now we should admit a pair of electrons 
at each of these points we should have (ignoring the sub-groups ot 
Bohr) a representation of the shells about an atom containing re- 
spectively 2, 8, 18, 32 and 50 electrons. We should also find (once 
more ignoring the sub-groups) that in such a geometry the distance 
between two successive points would be quite without meaning, if 
we could consider but one atomic system. 

If, in some such way as I have crudely described, we could define 
the space of a single atom, then general space might be regarded as 
the composite of all the spaces of all the atoms, and in this space we 
could employ the ideas of extension, of distance, and the like, which 
are used in Euclidean geometry; with the same sort of approximate 
validity that we apply the principles of hydrodynamics to a system 
containing a large number of molecules, or the principles of electro- 
magnetics to a field generated by many elementary charges. 

But it seems as we have proceeded that we have been getting 
farther and farther away from physical reality into the domain of 
metaphysical speculation, and it would be undesirable at present to 
continue. Indeed in a period of transition such as the present we 
must more than ever focus our attention upon our actual experimental 
facts, and give less heed to those conventional abstractions of the 
mind, such as force and fields of force, energy and the conservation 
of energy, or even space and time. Some of these abstractions may 
have to be abandoned as the conventional ether was abandoned after 
the acceptance of relativity. Others may have to be modified, aud 
my chief purpose in writing the present section is not so much to 
predict just how these modifications are to occur as it is to emphasize 
the necessity of maintaining an openness of mind; so that, when the 
solution of these problems, which now seem so baffling, is ultimately 
offered, its. acceptance will not be retarded by the conventions and 
the inadequate mental abstractions of the past. 
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